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ABSTRACT 


Principles of phylogenetic analysis (cladistics) are introduced with an examination of relationships 
among extant genera of Gnetales. The Gnetales can be supported as a monophyletic group, with 
Gnetum and Welwitschia more closely related to each other than either is to Ephedra. Characters of 
the progymnosperm Archaeopteris and 19 extinct and extant seed plant taxa are then reviewed as a 
basis for a cladistic analysis of their interrelationships. The seed plant taxa included are: medullosans, 
cycads, Lyginopteris, Cordaixylon, Mesoxylon, Lebachia, extant conifers, Ginkgo, Callistophyton, 
peltasperms, glossopterids, Caytonia, corystosperms, Bennettitales, Pentoxylon, Gnetum, Welwitschia, 
Ephedra, and angiosperms. Preliminary analyses of relationships within conifers, glossopterids, and 
Bennettitales are also presented. Results suggest that seed plants are a monophyletic group, and 
Lyginopteris is resolved as the sister taxon to all other seed plants considered. The cordaites, Cor- 
daixylon and Mesoxylon, along with Lebachia, extant conifers, and Ginkgo constitute a monophyletic 
group. Pentoxylon is the sister taxon to Bennettitales, and the Gnetales are the sister group to angio- 
sperms. Together the Gnetales plus the angiosperms form the sister group to the Bennettitales plus 
Pentoxylon. If the outer integument of bennettitalean and angiosperm ovules is interpreted as ho- 
mologous with the “cupule” of Caytonia and corystosperms, then the corystosperms are resolved 
as the sister group to the Bennettitales plus Pentoxylon plus Gnetales plus angiosperm clade. 
Under this interpretation all the seed plant taxa considered except Lyginopteris, cycads, and medul- 
losans are part of a single clade in which flattened seeds and saccate pollen are primitive. The principal 
difficulties with the cladistic analysis concern necessary inferences on unknown characters in certain 
plants, and the current absence of a large base of comparative data. Results of the analysis suggest 
that the seed ferns as currently circumscribed are not a meaningful group for phylogenetic purposes 
and permit an evaluation of the possible phylogenetic position of Eremopteris, Nystroemia, Sper- 
mopteris, Phasmatocycas, Vojnovskiales, Leptostrobus, and several other enigmatic groups of plant 
fossils. Comparison of the phylogenetic analysis with previous theories of angiosperm origin shows 
that it reconciles the ideas of Arber and Parkin, that Bennettitales and Gnetales are closely related to 
flowering plants, with more recent hypotheses that invoke Caytonia and corystosperms as highly 
relevant to the angiosperm problem. The results suggest that increased understanding of Triassic 
Bennettitales, Gnetales, and corystosperms will be of maximum interest in further elucidating the 
phylogenetic relationships of flowering plants. 


The origin of flowering plants is one of the 
major unsolved problems of plant phylogeny and 
an enigma in which most major groups of vas- 
cular plants have been implicated. Together with 
the related question of the origin of the angio- 
sperm flower it has generated a body of literature 
unrivalled in phylogenetic botany for its size and 
diversity of opinion. The suggestion that Mag- 
nolia and related taxa are the most primitive 
living angiosperms (Arber & Parkin, 1907; Bes- 
sey, 1897, 1915) originated at around the turn 


of the century and reflected a natural extension 
of the pre-Darwinian systematic tradition of De 
Candolle and Bentham and Hooker (Davis & 
Heywood, 1973). The concomitant interpreta- 
tion of the flower as a reduced bisexual axis bear- 
ing ovules and pollen organs on modified leaves 
(Anthostrobilus or Euanthial theory, Arber & 
Parkin, 1907) was similarly an extension of the 
classical idealistic morphology of the nineteenth 
century. Although the magnoliid theory has nev- 
er been without its competitors (e.g., Croizat, 
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1960; Engler, 1897; Meeuse, 1966; Melville, 
1962, 1963; Rendle, 1925, 1930; Sporne, 1971b; 
Strasburger et al., 1898; Wettstein, 1935), com- 
parative studies of extant flowering plants par- 
ticularly over the last 20 years (Bailey, 1944; 
Bailey & Swamy, 1951; Cronquist, 1968, 1981; 
Dickison, 1975; Eames, 1961; Hickey & Wolfe, 
1975; Raven, 1975; Stebbins, 1974; Takhtajan, 
1969, 1980; Walker, 1974a, 1974b, 1976; Walk- 
er & Doyle, 1975; Wodehouse, 1935, 1936) have 
reinforced the view that the Magnoliidae sensu 
lato (Cronquist, 1968, 1981; Takhtajan, 1969, 
1980) and perhaps certain monocotyledons 
(Burger, 1977) are a heterogeneous assemblage 
of plants that retain a relatively large number of 
primitive characters for flowering plants as a 
whole. This conclusion now has been corrobo- 
rated broadly by the occurrence of the predicted 
primitive leafand pollen characters in the earliest 
angiosperm fossil record (Doyle, 1969, 1973, 
1978; Doyle & Hickey, 1976; Hickey & Doyle, 
1977; Muller, 1970, 1981, 1984; Sporne, 1974; 
Upchurch, 1984; Walker & Walker, 1984; Wolfe 
et al., 1975). The sequential stratigraphic ap- 
pearance of progressively more complex leaves 
and pollen (Brenner, 1963; Doyle, 1969; Doyle 
& Hickey, 1976; Hickey & Doyle, 1977; Hughes, 
1976; Muller, 1970, 1984) has been interpreted 
as documenting a major mid-Cretaceous flow- 
ering plant radiation beginning in the Barremian 
or earlier in the Lower Cretaceous (Brenner, 1984; 
Trevisan, pers. comm.). Palynological evidence 
suggests that this radiation began at low, tropical, 
paleolatitudes and was followed by predomi- 
nantly poleward migration (Brenner, 1976; 
Hickey & Doyle, 1977). Reports of pre-Creta- 
ceous angiosperms either have been rejected or 
must be regarded as of uncertain relevance due 
to lack of critical information (Doyle, 1978; Hill 
& Crane, 1982; Scott et al., 1960). Reconstruc- 
tions of some early angiosperms from several 
dispersed organs (Dilcher & Crane, 1984) and 
studies of flowers and other reproductive struc- 
tures (Basinger & Dilcher, 1984; Crane & Dil- 
cher, 1984; Dilcher, 1979; Krassilov et al., 1983; 
Vakhrameev & Krassilov, 1979) also have pro- 
vided important insights into the systematic re- 
lationships, floral morphology, and reproductive 
biology of some early flowering plants. 

Despite this success in clarifying the timing 
and pattern of the early flowering plant radiation, 
the fundamental question of the phylogenetic po- 
sition of angiosperms in the overall scheme of 
seed plant evolution remains unanswered. Some 


CRANE—SEED PLANT PHYLOGENETICS 


717 


have claimed that we are no closer to a consensus 
as to which group of gymnosperms might be most 
relevant than we were at around the turn of the 
century (Beck, 1976; Harris, 1960; Hughes, 1976). 
Discussions of this problem have generally cen- 
tered on two interrelated issues: the origin of the 
angiosperm carpel, and the ancestors of flowering 
plants. 

There have been many hypotheses as to the 
derivation of the angiosperm carpel from the 
ovulate reproductive structures of living and fos- 
sil gymnosperms. The most common proposi- 
tion derives the conduplicate carpel from the 
ovulate structures of pteridosperms (seed ferns) 
sensu lato: either Caytonia (Andrews, 1963; 
Doyle, 1978), corystosperms (Stebbins, 1974), 
Glossopteris (Retallack & Dilcher, 1981), or even 
Carboniferous seed ferns (Long, 1966, 1977). Al- 
though none of these hypotheses has received 
universal acceptance, they have contributed to a 
widespread view that the outer integument of the 
normally bitegmic angiosperm ovule is homol- 
ogous to the cupule of seed ferns (Smith, 1964), 
and that the pteridosperms are the ancestors of 
flowering plants (Cronquist, 1968, 1981; Knoll 
& Rothwell, 1981; Stewart, 1983). 

Much of the literature reviewed above implies 
that solution of the angiosperm problem must 
necessarily involve the recognition of angio- 
sperm ancestors (e.g., Mabberley, 1984). This is 
a position confronted by theoretical and practical 
difficulties. First, if our current understanding of 
evolutionary processes is accurate, then it is 
species, not higher taxa, that are the units of 
evolution, and thus only species and not higher 
taxa can be truly ancestral (Eldredge & Cracraft, 
1980: 114); and second, ancestral groups cannot 
be defined by features that they alone possess, 
because by definition these features also char- 
acterize members of the descendant group (Wi- 
ley, 1979: 212-214). Under such circumstances 
it is inevitable that many ancestral groups have 
been construed loosely and used broadly to in- 
dicate inferred proximity of descent. A system 
in which groups are not clearly defined, and sim- 
ilarity is hazily interpreted as phylogenetic re- 
lationship, may have heuristic value, but inev- 
itably it is only capable of generating broad, 
relatively unspecific conclusions that are difficult 
to compare. It does not facilitate explicit, and 
thus critical, evaluation of alternative sugges- 
tions of relationship (Hill & Crane, 1982). 

Phylogenetic systematics (Hennig, 1966; often 
treated as synonymous with cladistics) offers an 
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alternative approach to the question of angio- 
sperm origins. It can provide a relatively explicit 
assessment of relationships from which straight- 
forward evolutionary interpretations can be made 
and a methodological framework in which com- 
peting theories of relationship may be compared 
usefully. It also provides an alternative to the 
search for ancestral groups, allowing phyloge- 
netic problems to be formulated in a different 
and more tractable fashion. In cladistic terms the 
problem of angiosperm origin is to recognize and 
define the major groups of seed plants, to deter- 
mine their phylogenetic interrelationships, and 
thus to establish with which group of gymno- 
sperms the flowering plants share a most recent 
common ancestor (Crane, 1984). 

The large-scale phylogenetic relationships of 
seed plants have been the subject of very little 
critical discussion, and there is little agreement 
on how the major taxa should be grouped to- 
gether. Many recent classifications have either 
adopted or modified the views of Coulter and 
Chamberlain (Chamberlain, 1935; Coulter & 
Chamberlain, 1917) formulated over half a cen- 
tury ago (Bierhorst, 1971; Cronquist et al., 1966; 
Foster & Gifford, 1974; Sporne, 1971a). Other 
authors have merely treated all the major groups 
as of equivalent rank (Bold, 1973; Bremer & 
Wanntorp, 1981; Taylor, 1981a). The late Pro- 
fessor Tom Harris succinctly summarized the 
situation when he commented (1976: 133) that 
the “classes” of gymnosperms were no longer the 
“branches of a single phylogenetic tree,” but “a 
dozen separate trees rooted in the unknown.” 
This paper attempts to systematize available data 
on fossil and living seed plants, to clarify their 
relationships, and establish a coherent frame- 
work within which the position of flowering plants 
may be assessed. 

There have been two previous attempts to 
evaluate relationships within seed plants using 
cladistic techniques. Both were preliminary and 
intended in part to stimulate future work. Parenti 
(1980) produced a highly resolved arrangement 
of seven major groups, but her analysis was criti- 
cized by Smoot et al. (1981) and Young and 
Richardson (1982) (see also reply by Parenti, 
1982). The principal difficulties with her analysis 
concerned the heterogeneity, and hence mono- 
phyly, of some taxa, and the level of detail of 
character definition. Hill and Crane (1982) pre- 
sented an analysis based solely on extant seed 
plants using living Equisetum, lycopods, and ferns 
as Out-groups. Our analysis also encountered dif- 
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ficulties with character definition and recogni- 
tion. Fifty characters were surveyed but yielded 
several alternative solutions that, although dra- 
matically different, were almost equally parsi- 
monious. This paper extends and attempts to 
improve on the analysis by Hill and myself. It 
reanalyzes and redefines many of the characters 
employed, includes additional characters, and 
incorporates for the first time some of the better 
understood fossil gymnosperms. In the absence 
of detailed cladistic analyses of the larger gym- 
nosperm groups (e.g., conifers), outline clado- 
grams are proposed as a basis for recognizing 
advanced and primitive characters in those taxa. 

The paper is divided into four major parts. 
First, the principles of cladistics are introduced 
briefly and illustrated by a simple analysis of 
relationships between the three extant genera of 
Gnetales. Second, the characters of extant, and 
sufficiently well known fossil, seed plants are re- 
viewed and phylogenetic relationships are as- 
sessed. Third, an overview of seed plant phylog- 
eny is presented and compared with previous 
classifications and phylogenetic hypotheses. Fi- 
nally, the possible phylogenetic relationships of 
other more poorly understood plant fossils are 
reviewed and problems for future research are 
discussed. Throughout, it should be noted that 
higher taxa are referred to as far as possible by 
informal names that have no implication of taxo- 
nomic rank. The primary concern is to clarify 
relationships, and I make no suggestions as to 
how these should be summarized as a formal 
nomenclatural scheme. Fossil taxa are treated as 
“whole plants.” Justification for individual cases 
is given in the text. In the descriptive sections 
the megasporangiate reproductive structures are 
referred to as “ovules” except where embryos 
are known to be present. The terms megaspo- 
rophyll and microsporophyll are used through- 
out for simplicity of comparison, but it is by no 
means clear in many gymnosperms whether the 
reproductive structures are leaf or shoot homo- 
logues. Individual cases are discussed in the text. 
The numbers assigned to characters are prefixed 
by the number of the table in which they are 
listed. 


PHYLOGENETIC RELATIONSHIPS IN THE 
GNETALES—A THREE-TAXON PROBLEM 
PRINCIPLES 


In a cladistic analysis each of the taxa under 
consideration should be a monophyletic group. 
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As far as I know no one has seriously questioned 
the naturalness and, by implication, the mono- 
phyly of any of the three extant gnetalean genera. 
Welwitschia is in any case monotypic. It is a 
bizarre xerophyte occurring only in restricted 
desert areas of southwest Africa (Chamberlain, 
1935). Gnetum comprises about 40 species of 
predominantly tropical lianes but also includes 
a few trees and shrubs (Sporne, 1971a). Ephedra 
comprises about 40 species of “switch” shrubs 
with less common tree-like and vine-like forms 
(Sporne, 1971a). The genus occurs in xeric hab- 
itats at low, but generally extra-tropical, lati- 
tudes. 

Not all of the characters of these genera can 
contribute to resolving relationships within the 
Gnetales. Features restricted to a single genus 
may account for its distinctiveness but are clearly 
of no value for interpreting relationships with 
other genera. Similarly, features that occur in all 
three genera may be useful for defining the limits 
of the Gnetales as a group but cannot contribute 
to defining inter-generic relationships. Charac- 
ters that occur in two of the three extant genera 
may provide an indication of relationship but 
are of two kinds: those that could define an ex- 
clusive group of two gnetalean genera in which 
no other taxon would be included, and less re- 
stricted characters that could only define a group 
in which non-gnetalean taxa would also have to 
be included. Characters of the first kind suggest 
that two gnetalean genera are more closely re- 
lated to each other than they are to any other 
taxon, while characters of the second kind merely 
indicate that the two genera are no more closely 
related to each other than either is to some non- 
gnetalean plant. Characters of the second kind 
are of no value for assessing phylogenetic rela- 
tionships among the three gnetalean genera, and 
cladistics attempts to recognize and utilize only 
characters of the first kind. This is accomplished 
by assessing the distribution of characters in re- 
lated groups (“out-group comparison,” Hill & 
Crane, 1982: 280; Stevens, 1980, 1981; Watrous 
& Wheeler, 1981). Theoretically the out-group 
for the Gnetales could be all other organisms, 
but for practical purposes a more manageable 
out-group could be all other seed plants or all 
other vascular plants. In this example all seed 
plants, with the exception of flowering plants, 
are used as the out-group. The effect of incor- 
porating flowering plants is considered later in 
this paper. 

To assess whether the tetrasporic megagame- 
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tophyte of Welwitschia and Gnetum defines an 
exclusive group, and therefore suggests close re- 
lationship, the distribution of the tetrasporic and 
monosporic condition is examined in all seed 
plants. All other seed plants (excluding some 
angiosperms) are monosporic. The tetrasporic 
condition is relatively restricted and defines an 
exclusive group (Welwitschia plus Gnetum). 
Conversely, the cellular female gametophyte seen 
at fertilization in Welwitschia and Ephedra is 
merely an expression of the condition that occurs 
in all other seed plants except Gnetum and an- 
giosperms. In Gnetum the female gametophyte 
is partially free nuclear at the time of fertilization. 
The character is therefore of no value for as- 
sessing relationships between the gnetalean gen- 
era. 

Assessing the generality (polarity) of characters 
by out-group comparison inevitably involves a 
logical regress in that decisions can be made only 
by reference to groups already circumscribed 
(perhaps wrongly) by the distribution of yet other 
characters (Hill & Crane, 1982: 280). However, 
the process can be used to develop a hypothesis 
about which of a pair of contrasted characters is 
more, or less, restricted. This is open to test by 
broadening the analysis still further. When ap- 
plied to a variety of characters these assessments 
of generality result in a character hierarchy that 
defines groups within groups, for example, a mul- 
ticellular embryo developing within an arche- 
gonium (embryophytes), vascular tissue of tra- 
cheids and/or vessels (tracheophytes), seeds (seed 
plants, spermatophytes), or a megaprothallus of 
four to 16 nuclei (angiosperms) (Fig. 1). In this 
way relationships can be defined in relative terms 
(Hennig, 1965: 98). Ginkgo and Pinus both have 
seeds (spermatophytes) and are therefore more 
closely related to each other than either is to 
Lycopodium (a pteridophyte), which is free spor- 
ing and lacks seeds. 

All characters may be useful for defining groups 
at some level in the hierarchy (Wiley, 1981: 126), 
but at any given level of inclusiveness (univer- 
sality) some characters will be useful for group 
definition, whereas others will not. The imple- 
mentation of this distinction is the fundamental 
difference between cladistics and phenetics. At 
any level in the hierarchy the phenetic concept 
of “overall similarity” is separated into a gen- 
eralized, cladistically non-definitional compo- 
nent (symplesiomorphy), and a less generalized, 
definitional component (synapomorphy). 

In practice recognizing apparent synapomor- 
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FIGURE 1. 
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Gymnosperms 


4-16 nuclei in megaprothallus 


secondary xylem and phloem 


tracheids with differentially thickened walls 


zygote producing a multicellular embryo with early development 


in archegonium or embryo-sac 


A simplified summary of character distributions in embryophytes and the subclasses that they 


define. Groups definable by presence of a single character given in upper case. Such groups may be regarded as 
monophyletic. Widely used grade groups only definable by combined presence and absence of characters shown 
in this diagram are given in lower case. Unless these groups can be shown to have unique defining characters, 
they are regarded as paraphyletic. For further details of relationships within the bryophyte grade see Mishler 


and Churchill (1984). 


phies and identifying their distribution seldom 
produces a single unambiguous character hier- 
archy. Different characters often indicate con- 
flicting groups and hierarchical patterns. Apply- 
ing the principle of parsimony, it is the simplest 
of competing patterns that is preferred. In ef- 
fect, parsimony minimizes the conflict between 
apparent synapomorphies and therefore the con- 
flict between apparent groups (Farris, 1982; Wi- 
ley, 1981). In cladistic terms the “‘true synapo- 
morphies” recognized in this way are homologies, 
and the problems of determining polarity, syn- 
apomorphy, and homology can therefore be 
viewed as synonymous (Eldredge & Cracraft, 
1980: 35-40; Hill & Crane, 1982: 282-287; Pat- 
terson, 1982a; Stevens, 1984). The result of a 
cladistic analysis is therefore merely a pattern of 
nested synapomorphies. It defines relationships 
in a relative way and like any other hierarchical 
pattern may be summarized in a tree-like dia- 
gram. There is no necessary relation to the theory 
of evolution and no necessary time axis. 


Although such diagrams can thus be largely 
independent of evolutionary preconceptions 
(Nelson, 1979; Patterson, 1982b; Platnick, 1979, 
1982), most systematists wish to interpret them 
in phylogenetic terms (Crane & Hill, in press; 
Hill & Crane, 1982; Wiley, 1981). Indeed, for 
many systematists, the compatibility between 
cladistic reasoning and current concepts of char- 
acter change during phylogeny is an important 
reason for preferring a cladistic rather than a 
phenetic approach. Interpreted in terms of phy- 
logeny the nested synapomorphies can be viewed 
as a nested sequence of homologous evolutionary 
novelties, and the problem of determining char- 
acter polarity as a problem of deciding which 
characters represent modifications of which—in 
other words, which characters are relatively de- 
rived or advanced. Groups defined by synapo- 
morphies (clades) can be interpreted as including 
a common ancestor and all its descendants 
(monophyletic). Groups such as the gymno- 
sperms and pteridophytes (Fig. 1) that contain 
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Martens (1971) 


Prothallial nucleus 
Microspore nucleus 
Prothallial 


Prothallial nucleus 
nucleus 


Tube nucleus 
Antheridial initial Sterile nucleus 
Generative nucleus 


Male gamete 
Spermatogenous nucleus 
Male gamete 


FIGURE 2. Comparison of male gametophyte development in Gnetum, Welwitschia, and Ephedra. See text 


for further explanation. 


some, but not all, of the descendants of a com- 
mon ancestor (paraphyletic), may be interpreted 
as definable only by a combination of shared 
primitive and advanced features. The vertical 
axis of the cladogram can be interpreted as rel- 
ative time and the nodes as hypothetical ances- 
tors. Relationships may be viewed in terms of 
relative recency of common ancestry (Bigelow, 
1956; Hennig, 1966). Ginkgo shares a more re- 
cent common ancestor with Pinus than either 
does with Lycopodium. Finally, the principle of 
parsimony can be viewed as a criterion for se- 
lecting between competing cladograms in which 
homoplasy (parallelism, convergence, and re- 
versal) is minimized. 


ANALYSIS OF CHARACTERS 


1.1 Male gametophyte composed of four nu- 
clei. In Gnetum and Welwitschia three haploid 
mitoses produce a male gametophyte of four nu- 
clei (Martens, 1971; Sterling, 1963), though the 
pollen may be dispersed at the bi-nucleate or tri- 
nucleate stage. According to Martens (1971: 146, 
260), the gametophyte consists of a prothallial 
nucleus, a tube nucleus, and a generative nucleus, 
which produces two male gametes directly with- 
out division into sterile and spermatogenous nu- 
clei. Sterling (1963: 195) interpreted the pro- 
thallial nucleus of Martens as a “tube nucleus” 
and the tube nucleus as a “‘sterile nucleus” (Fig. 


2; see Sterling, 1963, for a more detailed consid- 
eration of terminology). In Ephedra, the micro- 
spore undergoes five haploid mitoses to produce 
a six-celled microgametophyte consisting of two 
prothallial nuclei, a tube nucleus, a sterile nu- 
cleus (stalk nucleus), and a spermatogenous nu- 
cleus (body nucleus) (Martens, 1971: 48, 260). 
The pollen is dispersed with five free nuclei. 
The development of the male gametophyte in 
Ephedra is similar to that in Araucariaceae, Pi- 
naceae, and Podocarpaceae (Sterling, 1963). In 
Ginkgo there is also a six-celled microgameto- 
phyte, but the details of development (particu- 
larly of the motile gametes) differ from those of 
Ephedra and conifers (Lee, 1955). Within the 
conifers, Cephalotaxaceae, Taxaceae, Taxodi- 
aceae, and most Cupressaceae apparently have 
only three haploid mitoses and lack prothallial 
cells (Sterling, 1963), as in Gnetum and Wel- 
witschia. In most cycads, there are four mitotic 
divisions, and only one prothallial cell is pro- 
duced (Sterling, 1963). By out-group comparison 
with pteridophytes I interpret the more extensive 
five- and six-celled male gametophyte as the more 
generalized condition and regard the four-celled 
condition as relatively specialized. Because the 
conifers are accepted as a monophyletic group 
in this paper (p. 727), reduction of the male ga- 
metophyte must have occurred at least twice in 
seed plants, once within the conifers, and once 
within the Gnetales. The character can never- 
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theless be regarded as a potential synapomorphy 
in the Gnetales that unites Gnetum and Wel- 
witschia. 

1.2 Female gametophyte tetrasporic. In 
Gnetum and Welwitschia, the female gameto- 
phyte is tetrasporic, being the meiotic product 
of a single megaspore mother-cell without the 
formation of cell walls (Martens, 1971: 261). In 
Ephedra, which is monosporic, the megaspore 
mother-cell produces a linear tetrad of mega- 
spores, the lowermost of which enlarges and di- 
vides to form the female gametophyte. Occa- 
sionally wall formation between the megaspores 
may be slightly delayed (Lehmann-Baerts, 1967). 
The monosporic condition occurs in conifers, 
Ginkgo, cycads, and most angiosperms, and the 
tetrasporic condition therefore is interpreted on 
out-group comparison as a derived character. 

1.3 Archegonia absent. In Gnetumand Wel- 
witschia, no archegonia differentiate in the fe- 
male gametophyte (Martens, 1971; Sporne, 
1971a). In Gnetum this reflects the free nuclear 
condition of the micropylar end of the gameto- 
phyte at fertilization, whereas the female ga- 
metophyte of Welwitschia is cellular at fertiliza- 
tion, and although archegonial initials can be 
detected, they do not develop (Singh, 1978). In 
Ephedra, two or three archegonia differentiate 
from the superficial cells of the gametophyte and 
consist of an egg cell, a ventral canal cell, and a 
distinct neck (Martens, 1971, figs. 30, 31). In 
conifers, Ginkgo, and cycads, the archegonia are 
well differentiated (Sporne, 197 1a: 115, 137, 169). 
From out-group comparison I interpret the ab- 
sence of archegonia in Gnetum and Welwitschia 
as a derived character. 

1.4 Embryo with “feeder.” The mature em- 
bryo in Gnetum and Welwitschia has a lateral, 
finger-like extension of the hypocotyl, termed a 
“feeder” (Sporne, 1971la: 179). It remains 
embedded in the seed after germination and may 
have an absorptive function. In Gnetum the 
“feeder” is massive and vascularized but is gen- 
erally less well developed in Welwitschia (Mar- 
tens, 1971: 251). No comparable structure occurs 
in Ephedra or other gymnosperms (Sporne, 
1971la: 179), suggesting that it is a specialized 
feature of Gnetum and Welwitschia. 

1.5 Ribbed pollen. Pollen of Gnetum is 
spheroidal, generally 20 um or less in diameter, 
with small spinules. The grains are typically in- 
aperturate, but some have a single, thin and poorly 
defined pore-like area (leptoma) (Erdtman, 1957, 
1965: 42-44). Pollen of Welwitschia is ellipsoi- 
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dal, approximately 50 um long, and the exine 
has about 20 longitudinal ribs separated by shal- 
low grooves. One of the grooves is larger and 
forms a poorly defined, elongated aperture (Erdt- 
man, 1957, fig. 30, 1965: 80-81; Wodehouse, 
1935, 1936). Pollen of Ephedra is similar to that 
of Welwitschia. Grains are ellipsoidal, approxi- 
mately 20-40 um long, with 15-18 straight or 
zig-zag longitudinal ribs separated by grooves 
that are V-shaped in section. There is no aper- 
tural region like that in Welwitschia (Erdtman, 
1957, fig. 30, 1965: 37-41; Steeves & Barghoorn, 
1959; Wodehouse, 1935, 1936). The pollen of 
living conifers, Ginkgo, and cycads shows no close 
similarities with that of any gnetalean genus; 
however, the ribbed pollen in Welwitschia and 
Ephedra is unique and interpreted here as spe- 
cialized within seed plants. 

1.6 Vessels. Vessel elements occur in all three 
genera of Gnetales. The early protoxylem tra- 
cheids are unusual and have circular bordered 
pits associated with annular or helical wall thick- 
enings (Bierhorst, 1960: 281). These are modified 
to form pores only in the elements differentiated 
later in ontogeny (Bierhorst, 1960). In Gnetum 
the later protoxylem tracheids have pores to- 
wards their ends. These appear to develop from 
large pits by loss of pit membranes and frequent- 
ly by a reduction in the width of the pit border 
(Bierhorst, 1960: 280-283; Bliss, 1921). Gener- 
ally there are fewer than six widely spaced pores 
arranged in a uniseriate row (Bierhorst, 1971: 
473). The metaxylem tracheids generally contain 
fewer pores, and they are arranged in contact 
with each other. In the secondary xylem, the per- 
foration plates are often transversely oriented and 
may consist of groups of pores or a single pore 
(Bierhorst, 1971: 473; Thompson, 1918). These 
simple plates represent at least two different sit- 
uations: true simple pores, and compound struc- 
tures formed by loss of the secondary wall be- 
tween several adjacent pores (Bierhorst, 1971: 
473). Muhammad and Sattler (1982) document 
the extreme variability in the perforation plates 
of Gnetum and discuss their mode of formation. 

In Welwitschia the pores in the protoxylem 
are generally single, and a row of two or three is 
rare. In the metaxylem and secondary xylem only 
single pores occur, and there is no evidence that 
they arise by fusion of several smaller ones as in 
Gnetum (Bierhorst, 1960: 287). 

In Ephedra the late protoxylem and early 
metaxylem vessel members typically have more 
pores than those of Gnetum. They are arranged 
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in a uniseriate row, but in the late metaxylem 
and secondary xylem the pores tend to be ar- 
ranged in compact groups. Simple perforation 
plates are very uncommon (Bierhorst, 1960: 281). 

Vessels do not occur in any other gymnosperm 
and are clearly relatively specialized within seed 
plants. They are, however, present in some, pre- 
sumably only distantly related, pteridophytes 
(Bierhorst, 1958, 1960, 1971). On this basis they 
are accepted here as a potential synapomorphy 
of the Gnetales (see p. 767 for discussion of ves- 
sels in flowering plants). 

1.7 Microsporangiate and ovulate ‘flowers’ 
with opposite pairs of bracteoles. The micro- 
sporangiate and ovulate “flowers” of the Gne- 
tales are arranged on a fundamentally similar 
plan that provides a unifying character for the 
group. Each “flower” is comprised of a system 
of opposite and decussate bracteoles axillary to 
a primary bract (Martens, 1971: 256). Interpre- 
tations of the homologies of the bracts, brac- 
teoles, and various envelopes that they form have 
varied, and an enormous literature has accu- 
mulated (Martens, 1971; Pearson, 1929). The 
explanation of homologies given here is based 
on a Straightforward interpretation of the cur- 
rently available data. 

In Gnetum the inflorescences may be “‘unisex- 
ual” or “bisexual,” but both are elongated and 
have whorls of reproductive structures. Micro- 
sporangiate and ovulate “‘flowers” are aggregated 
into one or more whorls subtended by a fleshy 
ring-like collar (“‘cupule”’ of Pearson, 1929). The 
base of the inflorescence is subtended by a pair 
of opposite bracts (Martens, 1971, figs. 102.1, 
105.1, 107; Pearson, 1929, fig. 35). The lower- 
most collar frequently has two teeth oriented at 
90° to the two basal bracts, and, if several collars 
with teeth are present, their arrangement is op- 
posite and decussate (Martens, 1971; Pearson, 
1929: 56). Although most collars do not have 
teeth and show no evidence of bipartite structure 
in their ontogeny (Martens, 1971: 208-209), they 
generally are interpreted to have arisen by the 
phylogenetic fusion of two opposite bracts (Pear- 
son, 1929: 56). In ovulate spikes there are usually 
one or two rings of fertile ovulate “flowers” 
(Pearson, 1929: 57-58) above each other. In mi- 
crosporangiate spikes there are frequently several 
whorls of “flowers,” the upper of which in some 
species (e.g., G. gnemon, Pearson, 1929: 57) are 
ovulate but “incomplete” (see below) and non- 
functional. “Floral” primordia develop adaxially 
from an annular meristem at the base of the su- 
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praadjacent developing collar (Martens, 1971, fig. 
102.4), but the axillary position of the “flowers” 
is clearly demonstrated by their vasculature. The 
arrangement of “floral” vascular bundles may be 
complex, but the traces are predominantly de- 
rived from the bundles that supply the collars 
(Pearson, 1929: 62-68; Thoday, 1911). 

The microsporangiate structures of Gnetum are 
surrounded at the base by a tubular “perianth” 
that has two median lobes at the apex (Martens, 
1971: 257; but see Pearson, 1929). There is some 
indication of bipartite structure during early on- 
togeny (Martens, 1971: 213, fig. 110.5, 110.6), 
and the perianth is generally interpreted as hav- 
ing been phylogenetically derived from two pos- 
terior-anterior bracteoles (Fig. 3A; Bierhorst, 
1971: 475; Sporne, 1971a). 

The nucellus in Gnetum is surrounded by three 
envelopes (Fig. 3B) that have been variously in- 
terpreted (Martens, 1971; Pearson, 1929). All 
three layers arise ontogenetically as circular mer- 
istems, the outer differentiating first (Martens, 
1971, fig. 104). The inner layer, interpreted here 
as the only integument, is extended at the apex 
into an elongated micropylar tube that extends 
beyond the two outer envelopes. The middle and 
outer layers give no indication of an origin from 
pairs of opposite bracteoles (Martens, 1971), and 
that interpretation (Fig. 3C) hinges solely on rec- 
onciling the structure of Gnetum with that of 
Ephedra and Welwitschia (see below). In “‘in- 
complete” flowers of Gnetum the middle layer 
begins to develop but then aborts (Chamberlain, 
1935: 416). 

In Welwitschia the microsporangiate and ovu- 
late inflorescences are dichasially branched 
(Sporne, 1971a: 180), and the ultimate branches 
terminate in cones with opposite and decussate 
bracts (“‘cone-scales,” Sporne, 1971a: 180). The 
microsporangiate “flowers” (Fig. 3D) are the most 
complex “floral” structures in the Gnetales. Each 
consists of a central sterile ovule with a single 
integument and elongated micropylar tube ex- 
panded at the apex into a papillose funnel-shaped 
opening (Martens, 1971: 134-135; Sporne, 
1971a). At the base of the ovule there are two 
small lateral flaps (Martens, 1971, fig. 71.11). 
The ovule is surrounded by a cup-like structure 
bearing two lateral, two dorsal, and two ventral 
microsporangial stalks. Each stalk has a terminal 
trilocular sporangium that dehisces by three ra- 
dial slits at the apex. In addition to the two lateral 
sporangia there are also two lateral “‘pseudo- 
staminal” primordia (Martens, 1971: 137—142). 
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FIGURE 3. Comparison of microsporangiate and ovulate “floral” diagrams in the Gnetales.— A. Gnetum 
microsporangiate “flower,” after Martens (1971, figs. 105.4, 105.7, 110.5, 110.6).—B. Gnetum ovulate “flower,” 
after Martens (1971, figs. 103, 104).—C. Gnetum ovulate “flower,” interpretation, see text (character 1.7) for 
explanation.—D. Welwitschia microsporangiate “flower,” redrawn from Martens (1971, fig. 70.6).—E. Wel- 
witschia ovulate “flower,” redrawn from Martens (1971, fig. 63.6).—F. Ephedra microsporangiate “flower,” 
after Eames (1952, fig. 1A).—G. Ephedra ovulate “flower,” based on Martens (1971).—H. Ephedra abnormal 
microsporangiate “flower,” after Mehra (1950: 176, pl. V.2). N = nucellus. 


Outside the microsporangiate cup there is an in- 
ner anterior-posterior pair of bracteoles oriented 
parallel to the primary bract and an outer pair 
of lateral bracteoles. 

The ovulate “flowers” of Welwitschia (Fig. 3E) 
are organized on a plan very similar to those with 
microsporangia. The single ovule has an elon- 
gated micropylar tube but it is not expanded at 


the apex. There are no microsporangiate struc- 
tures, or any indication of them, but there is an 
inner pair of anterior-posterior bracteoles (that 
form the wing in “fruit” and an outer pair of 
lateral bracteoles. 

The microsporangiate and ovulate inflores- 
cences of Ephedra are borne in axillary position 
and vary considerably in their degree of branch- 
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ing (Pearson, 1929). The “flowers” are clustered 
into “cones” with an opposite and decussate ar- 
rangement of primary bracts. The microsporan- 
giate “flowers” (Fig. 3F) consist of a two-lipped 
“‘perianth” that arises from two anterior-poste- 
rior primordia (Pearson, 1929: 76) and sur- 
rounds the base of the microsporangiate struc- 
tures. The morphology of the microsporangiate 
structures varies among species. In E. distachya, 
E. intermedia, and E. trifurca there are two or 
more separate sporangiophores, sometimes with 
a protruding, vascularized axial remnant be- 
tween them (Bierhorst, 1971: 467; Chamberlain, 
1935: 369; Eames, 1952). Eames (1952) inter- 
prets this condition as primitive. In other species, 
such as E. antisyphilitica (Bierhorst, 1971: 467), 
the sporangiophores form a compound columnar 
tube. Eames (1952) regards this condition as rel- 
atively advanced. The number of sporangia var- 
ies from two to eight, forming a trilocular, quad- 
rilocular, or more typically bilocular synangium 
at the apex of the columnar tube (Pearson, 1929: 
75). 

The ovulate “flowers” of Ephedra (Fig. 3G) 
are organized similarly to those with microspo- 
rangia. Generally only the uppermost pair of pri- 
mary bracts in a “cone” is fertile (Pearson, 1929: 
54-55), and the lower bracts frequently become 
red and fleshy at maturity: presumably they aid 
in dispersal. Each bract subtends one “flower.” 
The ovule has a single integument with an elon- 
gated micropylar tube that exhibits a range of 
morphologies in different species (Pearson, 1929: 
79). The “‘perianth” has been variously inter- 
preted (Martens, 1971: 41), but consists of two 
anterior-posterior bracteoles that may be free or 
connate at their margins (Eames, 1952: 88). These 
form the “husk” of the “fruit” at maturity. 

There is a direct correspondence between the 
structure of microsporangiate and ovulate “‘flow- 
ers” in Ephedra, and the “‘perianth” of both ap- 
pears homologous (Eames, 1952). This is sup- 
ported further by the similarity of poorly 
developed ‘“‘perianths” in ovulate “flowers” to 
the normal ‘‘perianth’’ in microsporangiate 
“flowers” (Mehra, 1950: 177-178). There is also 
a close similarity between the microsporangiate 
“flowers” of Ephedra and Gnetum (Pearson, 
1929: 75), and the microsporangia in both are 
supplied by two vascular strands (Mehra, 1950). 
The arrangement of bracts and bracteoles in these 
three “flowers” differs from the organization in 
Welwitschia only in the absence of the outer lat- 
eral bracteoles from the microsporangiate and 
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ovulate “flowers.” I suggest that the “‘perianth” 
in Ephedra and Gnetum is homologous with the 
inner bracteoles of Welwitschia, and that merely 
the lateral outer bracteoles are missing. This sug- 
gestion is supported by the fact that the micro- 
sporangia in Ephedra are in fact arranged in a 
whorl like those of Welwitschia, and that where 
bisporangiate “flowers” of Ephedra have been 
reported (Mehra, 1950: 168-169) the microspo- 
rangia occur where expected (Fig. 3H): surround- 
ing the ovule but inside the “‘perianth” (Mehra, 
1950: 177). Only the two outer envelopes around 
the ovules in Gnetum remain unaccounted for. 
These show no sign of having fused, either phy- 
logenetically or ontogenetically (but see Martens, 
1971: 203), from pairs of bracteoles. However, 
their position, and the occurrence of microspo- 
rangia between the integument and the middle 
layer (inner bracteoles) in abnormal flowers of 
G. scandens (Thompson, 1916), suggest a direct 
equivalence with the inner and outer bracteoles 
of Welwitschia (compare Fig. 3C, E). Certainly 
they cannot be reconciled more easily with the 
reproductive structures of any other gymno- 
sperm. These views on the homology of gneta- 
lean flowers are summarized in Figure 3; their 
organization is unique within seed plants. On this 
basis they are interpreted here as a potential syn- 
apomorphy of the Gnetales. 


DISCUSSION AND INTERPRETATION 


The data matrix for the seven characters of the 
Gnetales is given in Table 1 and the resulting 
cladogram in Figure 4. The results suggest that 
the Gnetales are a monophyletic group (see also 
Arber & Parkin, 1908; Hill & Crane, 1982) with- 
in which Gnetum and Welwitschia are more 
closely related to each other than either is to 
Ephedra. The Gnetales are separated from all 
other gymnosperms and united as a group by 
their fundamentally similar floral organization 
(character 1.7) and the presence of vessels (char- 
acter 1.6). Their monophyly is further supported 
by the occurrence of opposite and decussate leaves 
in all genera (but not all species, Bierhorst, 1971; 
Foster & Gifford, 1974; Gifford & Corson, 1971; 
Sporne, 1971a) and the presence of a stem apex 
with a discrete tunica (Foster & Gifford, 1974; 
Martens & Waterkeyn, 1963, Voronin et al., 1973) 
unlike the typical condition in gymnosperms 
(Gifford & Corson, 1971; Johnson, 1951; Sporne, 
1971a: 110, 133, 167, 184). This agrees with the 
view expressed by Bierhorst (1971) and Coulter 
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WELWITSCHIA 


EPHEDRA GNETUM 





FIGURE 4. Cladogram summarizing relationships 
between Gnetum, Welwitschia, and Ephedra based on 
the data in Table 1. See text for further explanation. 
Viewed methodologically character 1.5 could be inter- 
preted as having been derived independently in Ephed- 
ra and Welwitschia (a, b) or as having been secondarily 
modified in Gnetum (1.5*). From an evolutionary per- 
spective ribbed pollen is more likely to be primitive 
within the Gnetales and to have been subsequently 
modified in Gnetum. 


and Chamberlain (1917: 402) that, “whatever 
may be the connections of Ephedra with other 
gymnosperms ... it cannot be separated from 
Welwitschia and Gnetum.” 

Additional evidence for a close phylogenetic 
relationship of Gnetum and Welwitschia is pro- 
vided by: the presence of asterosclereids (Bier- 
horst, 1971: 475; “‘spicular cells,” Martens, 1971: 
255), the occurrence of vestured pits in the early 
protoxylem (Bierhorst, 1960), the occurrence of 
paracytic (but not exclusively syndetocheilic) 
stomata (Florin, 1951, fig. 7e; Maheshwari & 
Vasil, 1961; Martens, 1971, fig. 961), totally cel- 
lular embryogenesis (Martens, 1971: 765), and 
the irregular cellularization that occurs during 
female gametophyte development resulting in 
multinucleate cells and the formation of fusion 
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nuclei (Martens, 1971: 262). Ephedra is cladisti- 
cally more primitive. Eames (1952) has empha- 
sized how “distantly related” Ephedra is from 
Welwitschia and Gnetum, and Coulter and 
Chamberlain (1917: 403) concluded that, “ Wel- 
witschia and Gnetum are farther removed from 
other gymnosperms than is Ephedra.” Some of 
the similarities that Ephedra shares with conifers 
have been mentioned above, and in cladistic 
terms these are interpreted as similarity owing 
to the retention of plesiomorphic (primitive) 
characters. 


PHYLOGENETIC RELATIONSHIPS 
IN THE CYCADS 


Extant cycads comprise ten genera (Bowenia, 
Ceratozamia, Cycas, Dioon, Encephalartos, 
Lepidozamia, Macrozamia, Microcycas, Stan- 
geria, Zamia) with approximately 100 species in 
tropical and sub-tropical regions (Greguss, 1968; 
Sporne, 1971a). They are typically pachycaul, 
unbranched, with persistent leaf bases, and are 
generally treated as a natural group (Bierhorst, 
1971; Chamberlain, 1935; Sporne, 197 1a). A de- 
tailed analysis of relationships within cycads is 
not available, but in this paper I am concerned 
only with characters that appear to define cycads 
as a monophyletic group. 


ANALYSIS OF CHARACTERS 


2.1 Girdling leaf-traces. The leaf-traces in 
cycads arise on the opposite side of the stem to 
the leaf they supply. They then girdle the stem 
at a slightly oblique angle before entering the leaf 
(Chamberlain, 1935: 88-89; Sporne, 1971a: 109). 
Girdling leaf-traces are not known to occur in 
any other gymnosperm and are interpreted as a 
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Character 


1.1 Male gametophyte of four nuclei 

1.2 Female gametophyte tetrasporic 

1.3 Archegonia absent 

1.4 Embryo with “feeder” 

1.5 Ribbed pollen 

1.6 Vessels 

1.7 Microsporangiate and ovulate 
“flowers” with opposite pairs 
of bracteoles 
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Ficure 5. Probable synapomorphies of extant cy- 
cads. See text for further explanation. 


specialized character. The traces to the cotyle- 
dons in some cycad seedlings are apparently ra- 
dial (Wordsell, 1906: 153). 

2.2 Simple ovulate cone. All extant genera 
of cycads have megasporophylls aggregated into 
a simple cone. In all extant genera except Cycas 
each cone terminates the activity of the apical 
meristem, and further growth continues sym- 
podially by the activation of another meristem 
at the base of the cone stalk (Bierhorst, 1971: 
373; Sporne, 1971a: 109). This mode of growth 
is reflected anatomically by domes of old cone 
vascular tissue (“cone domes”) that extend across 
the pith. In Cycas only the microsporangiate 
plants grow in this fashion, and the ovulate plant 
is truly unbranched. Ovulate cones of Cycas only 
differ from those of other cycads in being inde- 
terminate, and after the production of megaspo- 
rophylls, further growth of the same apical mer- 
istem produces vegetative leaves. The simple 
ovulate cones of all cycads are interpreted here 
as a specialized feature quite different from the 
“compound” ovulate cones of conifers, or the 
“‘cone”-like aggregations of “flowers” in Gne- 
tales. 

2.3 Presence of cycasin. The methylazoxy- 
methanol glycoside cycasin is present in all ten 
cycad genera and is not known to occur in any 
other gymnosperm (DeLuca et al., 1980; Moretti 
et al., 1983). A similar compound macrozamin 
is also ubiquitous in cycads and is a potential 
synapomorphy of the group (Moretti et al., 1983). 


DISCUSSION AND INTERPRETATION 


Girdling leaf-traces (character 2.1), simple 
ovulate cones (character 2.2), and the presence 
of cycasin (character 2.3) are provisionally in- 


CRANE—SEED PLANT PHYLOGENETICS 


727 


TABLE 2. Data matrix for characters of cycads. 





Other 
Seed 
Character Plants Cycads 
2.1 Girdling leaf-traces — + 
2.2 Simple ovulate cone = + 
2.3 Presence of cycasin = + 


terpreted as uniting cycads as a monophyletic 
group (see Fig. 5 and Table 2). 


PHYLOGENETIC RELATIONSHIPS 
IN THE CONIFERS 


The living conifers are generally treated as a 
natural group comprising six families: Araucari- 
aceae, Cephalotaxaceae, Cupressaceae, Pinaceae, 
Podocarpaceae, and Taxodiaceae, with approx- 
imately 50 genera and 550 species (Bierhorst, 
1971; Chamberlain, 1935; Sporne, 1971a). The 
Cupressaceae and Taxodiaceae are treated as a 
single family by some authors (Eckenwalder, 
1976a, 1976b). A further family, the Taxaceae 
with five genera, sometimes is included with oth- 
er conifers (Bierhorst, 1971; Chamberlain, 1935; 
Foster & Gifford, 1974) or sometimes separated 
from them (Sporne, 1971a). When included the 
Taxaceae is often placed with the Cephalotaxa- 
ceae in the Taxales (Greguss, 1972). Separation 
of the Taxaceae is based on Florin’s view (1951) 
that the ovuliferous structures of conifers and 
taxads are fundamentally different (see below). 
A preliminary cladistic analysis of conifers was 
presented by Miller (1982). In this paper I deal 
only with the relationship between the extinct 
Pennsylvanian conifer Lebachia, extant conifers 
and all other seed plants. I attempt to justify the 
conifers sensu lato (conifers plus taxads) as a 
monophyletic group. Although the group is in- 
tuitively natural, a single defining character can- 
not be specified without invoking a series of sub- 
sidiary hypotheses. These are discussed below. 


ANALYSIS OF CHARACTERS 


3.1 Narrowly triangular leaves. The leaf 
morphology of conifers ranges from narrowly tri- 
angular to elongated needles to broad, short scales. 
In Agathis and some species of Araucaria and 
Podocarpus, the leaves are broad, leathery, and 
laminar. Despite this variability, all families, in- 
cluding the Araucariaceae (Stockey, 1982) and 
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Podocarpaceae (Buchholz & Gray, 1948), have 
at least some species with narrowly triangular 
leaves (Bierhorst, 1971, table 25-1; Dallimore & 
Jackson, 1948). In many conifers ontogenetic 
evidence is generally interpreted as indicating that 
helically arranged, narrowly triangular leaves are 
primitive within the group (Chamberlain, 1935: 
358). This is particularly clear in the Cupressa- 
ceae, in which the adult foliage frequently con- 
sists of opposite and decussate, or whorled, scale- 
like leaves, but is also seen in other families. The 
ontogenetic sequence in conifers with well-de- 
veloped broad, laminar leaves has never been 
surveyed in detail, but in Araucaria angustifolia 
(A. brasiliensis) the early leaves of the seedling 
are broadly triangular (Hill & DeFraine, 1909). 
In Lebachia the leaves are generally narrowly 
triangular, occasionally with bifid tips (Florin, 
1951; Mapes & Rothwell, 1984; Rothwell, 1982a; 
Scott & Chaloner, 1983). 

I interpret narrowly triangular leaves as the 
primitive condition in all conifers and regard all 
other leaf morphologies as secondary modifica- 
tions of this basic type (but see Discussion and 
Interpretation). If this view is accepted then leaf 
morphology distinguishes living conifers and Le- 
bachia from other seed plants, which character- 
istically have large megaphyllous leaves. The 
closest similarity to the leaves of conifers is found 
in Ephedra, but these are typically arranged in 
pairs or whorls of three that are joined by a 
sheathing base around the stem (Foster & Gif- 
ford, 1974: 523-524). 

3.2 Resin canals. Resin canals occur in all 
conifers, although their distribution in different 
organs of the plant varies. In some Pinaceae they 
occur in the cortex of roots and stems, the wood, 
the leaves, and the ovulate cones. In the Arau- 
cariaceae, Cephalotaxaceae, Cupressaceae, Po- 
docarpaceae, and Taxaceae there are typically no 
resin canals in the secondary xylem (Greguss, 
1972) although they usually occur in other parts 
of the plant, and resin cells are generally present 
in the xylem parenchyma. Resin canals are par- 
ticularly sparse in the Taxaceae, especially in 
Taxus (Chamberlain, 1935), but they do occur 
in the leaves of Torreya and the roots of Austro- 
taxus and Taxus cuspidata (Chamberlain, 1935: 
252). Resin canals occur in Middle Pennsylva- 
nian Lebachia-like conifers (Rothwell, 1982a), 
but lack the epithelial lining seen in many extant 
conifers. 

It is not clear whether the “mucilage canals” 
of cycads, certain seed ferns, and Ginkgo (Bier- 
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horst, 1971: 375; Sporne, 1971la: 168; Stewart, 
1983: 253) are comparable to those of conifers. 
According to Bierhorst (1971: 375) the contents 
of these canals in cycads are partly miscible with 
water and do not appear to have a high terpene 
content. In this paper I interpret the possession 
of resin canals as a potential synapomorphy of 
conifers but closer comparisons, including de- 
velopmental studies, are needed with secretory 
structures in other gymnosperms. I interpret the 
relatively sparse resin canals of Taxus as due to 
secondary loss. There is some limited ontoge- 
netic evidence to support this conclusion. Jeffrey 
(1903) has reported that in Sequoia gigantea res- 
in canals are present only in the secondary xylem 
of the first year. Resin canals also can be induced 
by injury in wood that otherwise lacks them (Jef- 
frey, 1903). 

3.3 Fertile axillary shoot lacking an apical 
meristem. It is now widely accepted that the 
ovulate cones of most conifers are compound 
structures, the ovuliferous scale being a modified 
shoot bearing megasporophylls with ovules. Each 
ovuliferous scale is borne in the axil of a bract. 
This hypothesis (the polyaxial or ‘“‘Brachyblast”’ 
theory, Florin, 1954) had been proposed by a 
succession of plant morphologists since the first 
half of the nineteenth century (see Coulter & 
Chamberlain, 1917: 245), but was advocated 
most strongly as a unifying concept by Florin 
(1951) supported by his observations on Recent 
and fossil conifers. On this interpretation the most 
primitive cones would be like those of Cryp- 
tomeria in which there is little fusion between 
the ovuliferous scale and the bract and in which 
the ovuliferous scale has leaf-like lobes. Cones 
such as those of the Cupressaceae, that show con- 
siderable fusion between the bract and ovulifer- 
ous scales, are considered relatively advanced. 
Ontogenetic evidence supports these ideas. In 
some Taxodiaceae the bract and ovuliferous 
scales are free when young, but not during sub- 
sequent growth (Sporne, 197 1a: 141). According 
to the theory, each ovulate cone is a reduced 
“inflorescence,” and hence conifers with very 
poorly developed cones, or with a single bract 
and ovuliferous scale, as in some species of Po- 
docarpus, are regarded as secondarily simplified 
by reduction (Florin, 1951: 363-367; Wilde, 
1944, fig. 40). 

According to Florin (1951), only the Taxaceae 
cannot be accounted for in terms of the polyaxial 
theory, since the single terminal ovule shows no 
evidence of having evolved by reduction from a 
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Figure 6. Preliminary cladogram summarizing re- 
lationships between Lebachia and other conifers based 
on the data in Table 3. See text for further explanation. 


bract and ovuliferous shoot system, or from a 
reduced “inflorescence” (Florin, 1951: 372). Flo- 
rin (1948, 1951, 1955) regarded this difference 
from other conifers as fundamental and indica- 
tive of a totally independent origin for the two 
groups. Harris (1976) argued for a closer rela- 
tionship between conifers and taxads based on a 
plausible scenario for deriving a terminal taxad 
ovule from a single fertile axillary shoot. Evi- 
dence from stelar morphology is consistent with 
this view, and “the stelar system of Taxaceae... 
differs in no significant way from the stelar sys- 
tem of conifers with helical phyllotaxy” (Beck et 
al., 1982: 753). 

I treat the Taxaceae as another family within 
the conifers based on their leaf morpholgy and 
the presence of resin canals. Like Harris (1976), 
I regard the terminal ovule as a secondary sim- 
plification from forms with ovuliferous scales 
(shoots) and bracts. Similar but less extensive 
simplification is interpreted as having occurred 
in the Podocarpaceae and Cephalotaxaceae 
(Florin, 1951; Wilde, 1944). This view is also 
implicit in those classifications of conifers that 
regard the Cephalotaxaceae, Podocarpaceae, and 
Taxaceae as closely related (Buchholz, 1934; 
Keng, 1975). 

Modified fertile shoots in the axils of bracts or 
leaves also occur in cordaites, Ginkgo, and the 
Gnetales. In cordaites and Lebachia the apical 
meristem of the axillary shoot produces leaves 
and megasporophylls in a regular phyllotactic 
spiral (Florin, 1951). However, in all extant co- 
nifers the shoot apex is not differentiated (Harris, 
1976: 124), and there is no regular phyllotactic 
spiral. I interpret this as an advance over the 
condition in Lebachia and cordaites, and there- 
fore as a feature that unites all extant conifers. 
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TABLE 3. Data matrix for characters of conifers. 





Other Extant 
Seed Le- coni- 
Character Plants bachia fers 
3.1 Narrowly triangular 
leaves = + +/— 
3.2 Resin canals +/— + + 
3.3 Fertile axillary shoot 
lacking an apical 
meristem +/— _ + 


DISCUSSION AND INTERPRETATION 


The three characters of conifers considered here 
are listed in Table 3, and the resulting cladogram 
in Figure 6. The presence of narrowly triangular 
leaves and resin canals unites Lebachia and ex- 
tant conifers as a monophyletic group. Rothwell 
(1982a: 18) has also pointed out that the single 
plane of symmetry of Lebachia seeds is a feature 
that separates them from those of other platy- 
spermic Paleozoic gymnosperms. This could 
perhaps be used as a defining character of the 
group after further study. Within the extant co- 
nifer plus Lebachia group, the lack of the ovu- 
liferous shoot apex provides a character that de- 
fines extant conifers. These conclusions may not 
be controversial but should be tested by a de- 
tailed cladistic analysis of extant, and well- 
understood fossil, conifers. For example, Beck 
(1981: 216) raises the intriguing alternative pos- 
sibility of conifer polyphyly. Based on a consid- 
eration of Wilde’s work (1944) on Podocarpa- 
ceae, he suggests that whereas most conifers may 
be most closely related to Lebachia, the Podo- 
carpaceae may in fact be more closely related to 
cordaites. 


PHYLOGENETIC RELATIONSHIPS 
IN THE GLOSSOPTERIDS 


The glossopterids are a loosely defined group 
centered around the characteristic leaves, Glos- 
sopteris sensu lato, that are a dominant element 
in Permian and Triassic “Gondwana floras.” Pu- 
tative glossopterid leaves have also been de- 
scribed from the Jurassic of Oaxaca, Mexico (De- 
levoryas, 1969, but see Schopf, 1976: 26) and 
the Permian of Turkey (Archangelsky & Wagner, 
1983). Glossopterid leaves are simple, narrow- 
ly elliptical, with a midrib and well-developed 
reticulate venation (Fig. 7E). The group was di- 
verse, and a variety of different reproductive 
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FIGURE 7. Morphology of glossopterids.—A. Ottokaria megasporophyll and associated leaf, redrawn from 
Pant (1977a, fig. 1OE-G), orientation of megasporophyll based on Pant and Nautiyal (1984); x 1.—B. Lidgettonia 
africana megasporophyll, based on Thomas (1958), Surange and Chandra (1975, text-fig. 12), Schopf (1976, fig. 
8D); x 1.5.—C. Eretmonia microsporophyll, redrawn from Surange and Chandra (1975, text-fig. 1D); x2.— 
D. “Glossopteris” (?Dictyopteridium) megasporophyll in axil of a vegetative leaf, redrawn from Gould and 
Delevoryas (1977, fig. 1d), note that details of sporophyll attachment and sporophyll orientation are uncertain, 
see text for discussion; x 1.—E. Glossopteris sastrii leaves borne on a shoot, based on Pant and Singh (1974, 
text-fig. 2B—D); x 0.5.—F. Pterygospermum raniganjense platyspermic ovule, based on Pant and Nautiyal (1960, 
text-fig. 3A); x 25.—G. Pollen grain from micropyle of P. raniganjense, redrawn from Pant and Nautiyal (1960, 
text-fig. 4G); x 550. 
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structures have been described (Pant, 1977a; 
Schopf, 1976; Surange & Chandra, 1975; White, 
1978). Unfortunately, many are known only as 
impressions in which cellular details have not 
been observed, and their interpretation is there- 
fore equivocal. In this initial analysis I consider 
only three of the more completely understood 
glossopterid reproductive structures, “Glossop- 
teris” (?Dictyopteridium, Gould & Delevoryas, 
1977), Lidgettonia (Thomas, 1958), and Otto- 
karia (Pant, 1977a; Pant & Nautiyal, 1965). 

The ovule bearing structures of most glossop- 
terids were borne adnate to the surface of a leaf. 
Although they have often been reconstructed 
adjacent to the adaxial leaf surface (Fig. 7D), this 
has never been convincingly demonstrated. 
Glossopterid reproductive structures could be 
interpreted morphologically in several different 
ways (e.g., Retallack & Dilcher, 1981, fig. 3), but 
there are two main possibilities. The ovule bear- 
ing structure is either a leaf homologue (mega- 
sporophyll) or it is a modified axis (i.e., a cladode). 
Despite its axillary position, Gould and Dele- 
voryas (1977) emphasized its leaf-like nature, 
and in this paper I treat it as a megasporophyll. 
This interpretation also brings the ovulate re- 
productive structures of glossopterids into line 
with those of other Mesozoic seed ferns that ap- 
pear to have megasporophylls. 

The anatomically preserved megasporophylls 
described by Gould and Delevoryas (1977) from 
the Late Permian of Queensland, Australia were 
simple, narrowly elliptical with an inrolled lam- 
ina, bearing ovules on its inner surface (Fig. 7D). 
Although Gould and Delevoryas provided some 
evidence to suggest that the ovule bearing surface 
faced the subtending leaf, the interpretation re- 
mains equivocal and at variance with the recon- 
struction of Ottokaria by Pant and Nautiyal 
(1984, see below). The gross form of the Queens- 
land material is similar to Dictyopteridium de- 
scribed from an impression (Gould & Delevor- 
yas, 1977: 397; Surange & Chandra, 1975). The 
interior of the structure was filled by a delicate 
network of filaments, or plates of cells, between 
the ovules. Based on clusters of Arberiella pollen 
sacs in the Queensland chert, Gould and Dele- 
voryas (1977) suggested that the microsporan- 
giate organs of their plant were of the Eretmonia 
or Glossotheca type (Fig. 7C). From other local- 
ities Eretmonia and Glossotheca are known to 
consist of a fertile portion (interpreted here as a 
microsporophyll) adnate to a leaf. The micro- 
sporophyll consisted of a bifurcated axis, each 
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branch of which bore numerous Arberiella 
microsporangia. Pollen was bisaccate (Protohap- 
loxypinus), with numerous distinct striations on 
the body of the grain oriented at 90° to the distal 
suture (Fig. 7G). 

Lidgettonia africana (Fig. 7B) was described 
by Thomas (1958) from the Upper Permian of 
South Africa. It consists of a sterile leaf with an 
adnate megasporophyll. The megasporophylldif- 
fers from that in Gould and Delevoryas’ ma- 
terial in bearing about eight fertile “cupules” on 
slender stalks adnate to the lamina of the sub- 
tending leaf. Each “cupule” consisted of an ex- 
panded disc, which is thought to have borne 
ovules on its lower surface. Thomas (1958) in- 
terpreted these discs as peltate, but Schopf (1976: 
45-48) has shown that the stalk was attached 
laterally, as in the Indian species L. mucronata 
(Surange & Chandra, 1975). Arberiella pollen sacs 
and microsporophylls of the Eretmonia type are 
associated with the Lidgettonia fructifications 
(Schopf, 1976: 50; Thomas, 1958), but no in- 
formation is available on the pollen. In this study 
I assume that it was of the Protohaploxypinus 
type. 

Ottokaria (Pant, 1977a; Pant & Nautiyal, 1965, 
1984) from the Permian of India is preserved as 
compressions from which some cellular details 
are known. The megasporophyll was adnate to 
the upper surface of a leaf and expanded distally 
to form a “‘spoon-shaped” head with sterile mar- 
ginal lobes, bearing ovules on the concave sur- 
face (Fig. 7A). Contrary to Gould and Delevor- 
yas’ interpretation of the Queensland material, 
the ovule bearing surface faced away from the 
subtending leaf (Pant & Nautiyal, 1984). The 
ovules are similar to the dispersed ovule genera 
Pterygospermum (Fig. 7F) and Platycardia (Pant, 
1977a; Pant & Nautiyal, 1960). Protohaploxy- 
pinus pollen (‘‘Striatites,”” Pant, 1977a) occurs in 
the micropyles of these dispersed ovules. Apart 
from the inference that they contained Proto- 
haploxypinus pollen, the microsporophylls or 
microsporangia of Ottokaria are unknown. In 
this paper they are assumed to have been similar 
to Eretmonia. 


ANALYSIS OF CHARACTERS 


4.1 Glossopterid leaves. The leaves of all 
three genera are narrowly elliptical, with retic- 
ulate venation. The leaves are distinctive, not 
known to occur in any other group of gymno- 
sperms, and are interpreted as a specialized char- 
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“GLOSSOPTERIS” 
(?DICTYOPTERIDIUM) 


LIDGETTONIA OTTOKARIA 





FiGure 8. Preliminary cladogram summarizing re- 
lationships between Lidgettonia, ‘‘Glossopteris”’ (?Dic- 
tyopteridium), and Ottokaria based on the data in Ta- 
ble 4. See text for further explanation. 


acter. The closest similarity in venation occurs 
in leaflets of Caytonia (Sagenopteris), but this 
general pattern of reticulate venation is also 
widespread in ferns and other groups (Alvin & 
Chaloner, 1970). 

4.2 Megasporophylls adnate to a subtending 
leaf. The megasporophylls in all three genera 
are adnate or closely adjacent to the subtending 
leaf. This arrangement is unknown in any other 
group of seed plants and is interpreted as a spe- 
cialized character. 

4.3 Microsporophylls adnate to a subtending 
leaf. Glossopterid microsporophylls from sev- 
eral localities (Pant, 1977a) are borne adnate to 
the subtending leaf (Gould & Delevoryas, 1977). 
This basic arrangement is apparently general in 
glossopterid plants and is assumed (although not 
known) to be present in the three glossopterids 
considered here. It is not known to occur in any 
other group of seed plants and is interpreted as 
a potential glossopterid synapomorphy. 


TABLE 4. Data matrix for characters of glossopterids. 
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4.4 Striate bisaccate pollen. Bisaccate pol- 
len with a transverse distal sulcus, and longitu- 
dinal striations on the body of the grain, is thought 
to be general in glossopterids. It occurs rarely in 
other groups of gymnosperms and some conifers 
(see also Nipurdia, Pant & Basu, 1979). It is in- 
tepreted as a specialized character. 

4.5 Simple megasporophyll. In ‘*Glossopter- 
is” (?Dictyopteridium) and Ottokaria, the ovules 
are borne on the surface of a simple laminar 
structure, interpreted here as a simple mega- 
sporophyll. Megasporophylls of Cycas are sim- 
ilar, but are not adnate to a subtending leaf, and 
bear ovules only on the margin rather than over 
the lamina surface. In Lidgettonia the presence 
of several ovule bearing structures suggests that 
the adnate megasporophyll was pinnate rather 
than simple as in “Glossopteris” (?Dictyopterid- 
ium) and Ottokaria. Pinnate megasporophylls 
occur in the following seed ferns: Callistophyton, 
peltasperms, corystosperms, and Caytonia; and 
are therefore interpreted here as primitive within 
the glossopterids. The simple lamina is inter- 
preted, conversely, as a specialized feature that 
unites “‘Glossopteris” (?Dictyopteridium) and Ot- 
tokaria. 


DISCUSSION AND INTERPRETATION 


The data matrix for the five characters of glos- 
sopterids is given in Table 4 and the resulting 
cladogram in Figure 8. Glossopterids are defined 
as monophyletic by four characters (4.1-4.4). 
Within this group Ottokaria and “‘Glossopteris”’ 
(?Dictyopteridium) are more closely related based 
on their simple axillary megasporophylls. These 
conclusions, and the assumptions made, need to 
be tested by further work. As pointed out by Pant 
(1977a), there is no evidence to support the sug- 
gestion of Surange and Chandra (1975) that the 











Glossop- 
teris/ 
Other Seed Dictyop- 
Character Plants Lidgettonia teridium Ottokaria 
4.1 Glossopterid leaves F i + 
4.2 Megasporophylls adnate 
to a subtending leaf + + + 
4.3 Microsporophylls adnate 
to a subtending leaf _ + + + 
4.4 Striate bisaccate pollen +/— + + + 
4.5 Simple megasporophyll i — + + 
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glossopterids sensu lato should be divided into 
“pteridospermous” and “‘glossopterid”’ forms. 


PHYLOGENETIC RELATIONSHIPS 
IN THE BENNETTITALES 


The Bennettitales are diverse and abundant 
plants in Upper Triassic to Upper Cretaceous 
floras. The leaves may be simple (Nilssoniopte- 
ris) or, more typically, pinnate, with parallel, oc- 
casionally dichotomous veins in the pinnae. In 
Dictyozamites the veins are reticulate. The leaves 
are superficially like those of cycads but can usu- 
ally be distinguished by characters of gross form 
and always by their characteristically cutinized 
syndetocheilic (paracytic) stomata (Fig. 11C) that 
contrast with the haplocheilic (anomocytic) sto- 
mata of true cycads (Harris, 1932a; Thomas & 
Bancroft, 1913). Bennettitalean microsporo- 
phylls or ovules were aggregated into flower-like 
heads, usually surrounded by a “perianth” of 
bracts. The “flowers” were unisexual (monospo- 
rangiate) or bisexual (bisporangiate). In all Ben- 
nettitales the ovules were orthotropous, with two 
integuments joined to the nucellus only at the 
chalaza (see interpretation of Vardekloeftia and 
Bennetticarpus crossospermus below; also char- 
acters 9.19, 9.22). Distally, the inner integument 
generally formed an elongated micropylar tube. 
The ovules were crowded together into heads and 
individually were not subtended by any other 
organ. In most compressions of bennettitalean 
ovules cuticles are obtained from the outer, and 
usually the inner, surface of the inner integu- 
ment, the micropylar tube, and the surface of the 
nucellus; but there is no maceration resistant 
megaspore membrane (Harris, 1932b, 1954, 
1969). The ovules were separated by sterile in- 
terseminal scales, which had a single vascular 
bundle. The morphological nature of these in- 
terseminal scales is uncertain, but the structure 
of B. crossospermus described by Harris (1932b) 
provides evidence to support Seward’s view 
(1913: 118, 1917: 403) that they are homologous 
with ovules (see also Delevoryas, 1968: 141, in- 
terpreted here as bitegmic, p. 764). In B. cros- 
sospermus (Fig. 9E, F) the elongated micropylar 
tube passed through the center of a thickly cu- 
tinized ‘“‘micropylar plate” very similar to the 
flattened cutinized apices of the interseminal 
scales in the same gynoecium (Fig. 9E). This sug- 
gests that the ovules and interseminal scales may 
be homologous and that the scales “are formed 
by the diverted development of seed initials” 
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(Harris, 1932b: 116). Studies of ovule develop- 
ment in Williamsonia (Sharma, 1974) also sup- 
port this idea. There is some evidence that B. 
crossospermus is associated with Pterophyllum 
ptilum leaves (Fig. 9D; Harris, 1932b: 103), but 
the morphology of the gynoecium is too poorly 
known to assess the relationships of the plant in 
more detail. In this paper relationships between 
11 of the better understood bennettitalean taxa 
are considered (Table 5). 

Vardekloeftia is a genus erected by Harris 
(1932b) for two species of spherical, bennetti- 
talean, ovulate heads from the Rhaetic of Green- 
land. Each head was composed of flattened, bi- 
laterally symmetrical ovules separated by 
numerous interseminal scales. The ovules were 
relatively few (two to 20), and relatively large (5— 
7 mm long), compared to those of most Ben- 
nettitales. They also were unusual in having an 
outer cutinized layer (the “‘cupule,” Harris, 1932b, 
interpreted here as the outer integument) sur- 
rounding the inner integument in an identical 
position to the “‘micropylar plate” of B. crosso- 
spermus. Two very similar species have been de- 
scribed, V. conica, and the more completely 
known V. sulcata. In V. sulcata (Fig. 9B, C), each 
head contained two to six seeds. In young ovules 
the cutinized layer outside the inner integument 
formed a flattened plate through the center of 
which the micropyle projected. At this stage the 
outer layer (outer integument) was very similar 
to the micropylar plate of B. crossospermus but 
was less substantial at maturity. Vardekloeftia 
sulcata is associated with Pterophyllum kochi 
leaves (Fig. 9A; Harris, 1932b: 111), but the mi- 
crosporangiate structures are unknown. 

With the exception of Vardekloeftia all other 
bennettitalean taxa considered in this paper have 
more ovules in their megasporangiate “flowers” 
and a well-differentiated “perianth.” The basic 
structure is illustrated by two very similar species, 
Williamsonia harrisiana (Bose, 1968) and W. 
sewardiana (Sahni, 1932b), both based on silic- 
ified material from the Upper Jurassic of the 
Rajmahal Hills, India. These species had a con- 
ical or hemispherical receptacle bearing ovules 
and interseminal scales all over the surface (Fig. 
10A). Williamsonia sewardiana is thought to 
have been attached to Bucklandia indica stems 
that bore Ptilophyllum cf. cutchense leaves (Sahni, 
1932b: 10). Both species were apparently uni- 
sexual (monosporangiate). Although microspo- 
rangiate “flowers” have been described from the 
Rajmahal Hills (Bose, 1967; Sharma, 1969; Sith- 
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FiGuRE 9. Morphology of the Vardekloeftia and Bennetticarpus plants.—A. Pterophyllum kochii, based on 
Harris (1932b, fig. 29); x0.5.—B. V. sulcata, spherical head composed of ovules and interseminal scales, based 
on Harris (1932b, pl. 15, fig. 1, pl. 17, figs. 1, 2, pl. 18); x2.—C. Vardekloeftia, \ongitudinal section through 
ovule, redrawn from Harris (1932b, fig. SOE); x 5.—D. Pterophyllum ptilum, based on Harris (1932b, fig. 301); 
x0.5.—E. B. crossospermus, outer surface of interseminal scales showing position of ovule, based on Harris 
(1926, pl. 11; 1932b, fig. 48J); x 10.—F. B. crossospermus, longitudinal section through ovule, redrawn from 
Harris (1932b, fig. SOC); x 10. 
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FIGURE 10. Morphology of Bennettitales.—A. Williamsonia harrisiana, longitudinal half section of “flower,” 
based on Bose (1968, pl. 1, figs. 8, 9); x1.5.—B. Bennettites albianus, cutaway section through an ovule, based 
on Stopes (1918, text-figs. 13, 14); x15.—C. Williamsonia gigas, longitudinal half section of young “flower,” 
based on Harris (1969, fig. 56) and Hill et al. (in press); x1.—D. Weltrichia sol, longitudinal half section through 
microsporangiate “flower,” redrawn from Harris (1969, fig. 69E); x0.5.—E. W. sol, detail of synangium, based 
on Harris (1969, fig. 69F); x10.—F. W. sol pollen grain, redrawn from Harris (1969, fig. 69A); x 600. 
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oley & Bose, 1953, 1971), the microsporangiate 
structures of both species, and the vegetative parts 
of W. harrisiana, are unknown. 

Monanthesia described from the Upper Cre- 
taceous Mesaverde Formation of New Mexico 
(Delevoryas, 1959) is similar to Williamsonia 
sewardiana and W. harrisiana. The “flowers” 
were monosporangiate and borne on long, slen- 
der peduncles in the axil of almost every leaf. 
The receptacle was conical and covered with 
ovules and interseminal scales. The microspo- 
rangiate “flowers” and pollen are unknown. 

Four species of Williamsonia have been de- 
scribed based on compressions from the Middle 
Jurassic of Yorkshire, W. gigas, W. hildae, W. 
leckenbyi, and W. himas (Table 5; Harris, 1969). 
The first three are the best understood as “whole” 
plants, and W. himas is not considered further 
in this review. Williamsonia gigas (Fig. 10C) has 
been linked to the leaves Zamites gigas and the 
microsporangiate “flowers” Weltrichia sol (Fig. 
10D, E; Harris, 1969: 163). Williamsonia hildae 
has been linked with the leaves Ptilophyllum pec- 
tinoides, the microsporangiate “flowers” Wel- 
trichia whitbiensis, the “‘perianth” bracts Cyca- 
dolepis hypene, and the stem Bucklandia 
pustulosa (Harris, 1969: 172). Wéilliamsonia 
leckenbyi has been linked to the leaves Ptilo- 
phyllum pecten and the microsporangiate “‘flow- 
ers” Weltrichia pecten (Harris, 1969: 170) (Table 
5). The structure of the ovulate “flowers” in all 
three species is basically similar to that in Wil- 
liamsonia harrisiana and Williamsonia seward- 
iana. The Yorkshire species differ however in 
the presence of a distinct sterile “corona” above 
the level at which ovules are borne. The corona 
is formed from the receptacle and interseminal 
scales (Fig. 10C; C. R. Hill, pers. comm.; Harris, 
1969: 129). The microsporangiate “flowers” of 
the three plants also are basically similar. Wel- 
trichia sol consisted of a whorl of up to 30 “rays” 
(interpreted here as microsporophylls) more or 
less fused proximally into a cup-like structure. 
The inner surface of the cup bore large numbers 
of “resinous sacs” and the free parts of the mi- 
crosporophylls bore two-valved synangia (Fig. 
10E), each valve of which contained several 
microsporangia. The pollen was psilate and 
monosulcate (Fig. 10F). In Weltrichia sol (Fig. 
10D) there were about 30 microsporophylls, and 
the synangia were borne alternately on short fer- 
tile appendages that projected from the inner sur- 
face of the microsporophyll. Comparison with 
the microsporophylls of Cycadeoidea suggests that 
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these appendages are fertile pinnae. Each valve 
of the synangium contained about 12-15 micro- 
sporangia. In Weltrichia pecten and Weltrichia 
whitbiensis there were between ten and 20 mi- 
crosporophylls, each with sessile synangia in two 
rows on their inner surface. 

Wielandiella angustifolia from the Rhaetic of 
Scania, southern Sweden (Nathorst, 1909), and 
Greenland (Harris, 1932b) had monosporangiate 
“flowers” (Harris, 1932b: 90-91). The ovulate 
“flowers” are similar to those of Williamsonia 
gigas, Williamsonia leckenbyi, and Williamso- 
nia hildae and have a distal sterile corona. The 
microsporangiate flowers are poorly understood 
and require restudy (Lundblad, 1950: 73), but 
the “palisade rings” described at the base of the 
“flower” by Nathorst (1909) are similar to Hy- 
dropterangium marsilioides (Lundblad, 1950). 
The leaves of Wéielandiella angustifolia are 
thought to be Anomozamites minor. 

Two similar species of Williamsoniella are 
known as compressions from the Middle Jurassic 
of Yorkshire (Harris, 1944, 1969, 1974). Both 
were bisporangiate (bisexual) “flowers” (Fig. 11A, 
D). A whorl of bracts formed a “‘perianth” around 
a whorl of about 12 laterally compressed, wedge- 
shaped microsporophylls. Each microsporophyll 
bore two or three pairs of short fertile appendages 
on the adaxial surface (interpreted as fertile pin- 
nae), each of which bore a single two-valved syn- 
angium containing pollen sacs with psilate 
monosulcate pollen. At the center of the “flower” 
the receptacle bore ovules and interseminal scales 
and was expanded distally into a terminal sterile 
corona. The two species, Williamsoniella lignieri 
and Williamsoniella coronata (Fig. 11D), are 
linked with Nilssoniopteris major and N. vittata 
(Fig. 11B, C), respectively (Harris, 1969: 146, 
149). Williamsoniella lignieri was larger than W. 
coronata and generally is less well understood. 
“Perianth” bracts are associated with the “‘flow- 
er” but have not been seen attached. 

Many species of Cycadeoidea have been de- 
scribed from a wide range of Upper Jurassic and 
Lower Cretaceous localities in the Northern 
Hemisphere (Crepet, 1974; Stewart, 1983; Wie- 
land, 1906, 1916), but all show a basically similar 
structure. Cycadeoidea was pachycaul, with short, 
stout trunks and helically arranged leaf bases that 
probably bore Zamites-like leaves (Seward, 1917; 
Wieland, 1906: 87). The “flowers” were bispo- 
rangiate (bisexual) (Fig. 11E) and borne on short 
pedicels in leaf axils. They did not project beyond 
the persistent leaf bases. There was a perianth of 
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Morphology of Bennettitales.—A. Williamsoniella coronata, longitudinal half section through 


“flower,” based on Harris (1944, fig. 1); x 3.—B. Nilssoniopteris vittata, redrawn from Harris (1969, fig. 32A), 
an unusual specimen showing two lateral pinnae at the base; x1.—C. N. vittata, detail of stoma showing 
paracytic guard cells and sinuous anticlinal flanges, based on Harris (1969, fig. 32D); x 1,000.—D. W. coronata, 
surface of immature “‘gynoecium” showing micropyles and interseminal scales, based on Harris (1969, fig. 62F); 
x 50.—E. Cycadeoidea sp., longitudinal half section through “flower,” based on Wieland (1906, fig. 88) and 


Crepet (1974, pl. 61, fig. 21); x 1.5. 
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helically arranged outer bracts surrounding ap- 
proximately 20 microsporophylls. These were 
fused proximally into a shallow cup but were 
pinnate distally and compressed laterally. Two 
rows of appendages (pinnae) were borne adaxi- 
ally, each with a row of about six kidney-shaped 
synangia. The synangia contained eight to 20 tu- 
bular sporangia and produced psilate, monosul- 
cate, granular-walled pollen (Crepet & Zavada, 
pers. comm.). Towards their apices the micro- 
sporophylls were incurved, with their abaxial 
surface against a conical or domed receptacle 
covered with ovules and interseminal scales, and 
showing no sign of a corona. Delevoryas (1963, 
1968) and Crepet (1972, 1974) both support the 
view that the microsporophylls never opened to 
become fully expanded as Wieland (1906) sup- 
posed. 


ANALYSIS OF CHARACTERS 


6.1 Interseminal scales. Interseminal scales 
occur in all Bennettitales considered in this anal- 
ysis. They are not known to occur in any other 
seed plant, and following Harris (1932b) I inter- 
pret them as developing from ovule primordia 
(see characters 9.19, 9.22). They are regarded 
here as a specialized character. 

6.2 Guard-cells, paracytic and heavily cutin- 
ized. The stomata ofall Bennettitales are para- 
cytic and interpreted as ontogenetically synde- 
tocheilic (Harris, 1932a; Thomas & Bancroft, 
1913). This is sufficient to distinguish them from 
the stomata of most other gymnosperms except 
Gnetum, Welwitschia, and some conifers (Scott 
& Chaloner, 1983). However, the guard-cells of 
the Bennettitales also have characteristic, heavily 
cutinized, outer periclinal walls and dorsal an- 
ticlinal flanges. This feature occurs in leaves with 
both sunken and superficial stomata but is not 
thought to occur in other gymnosperms (Harris, 
1932a: 94-108). 

6.3 Ovulate heads with numerous ovules. All 
of the Bennettitales considered in this study 
have numerous (more than 100) ovules in their 
megasporangiate heads. In Vardekloeftia, al- 
though only two to six seeds develop per head, 
there are a large number of interseminal scales 
that are interpreted as sterile ovule primordia. 
No other gymnosperms (except the Vojnovsky- 
aceae and Ruflorinaceae, Meyen, 1984) have such 
a large number of ovules clustered together, and 
I interpret this as a potential synapomorphy of 
the Bennettitales. 
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6.4 Bivalved synangia. Most bennettitalean 
microsporophylls have the microsporangia with- 
in bivalved synangia. Although the microspo- 
rangia of Vardekloeftia, Williamsonia seward- 
iana, W. harrisiana, and Monanthesia are 
unknown, the bivalved condition is interpreted 
here as general in the Bennettitales. In many seed 
plants (e.g., conifers, cycads) the microsporangia 
are not in synangia; where they do occur (e.g., 
Caytonanthus, medullosans, and Gnetales), they 
are not arranged to form a bivalved capsule. Here 
I interpret the bivalved synangia of Bennettitales 
as a specialized condition, although it should be 
noted that they do not occur in all bennettitalean 
pollen organs (e.g., Leguminanthus siliquosus 
Krausel & Schaarschmidt, 1966). 

6.5 “Perianth” of helically arranged 
bracts. All of the Bennettitales considered in 
this study, with the exception of Vardekloeftia 
(Harris, 1932b), have ovulate heads that are sur- 
rounded by a “‘perianth” of numerous helically 
arranged bracts. This flower-like arrangement 
does not occur in any other group of gymno- 
sperms and is thus interpreted as a relatively 
specialized feature within the Bennettitales. 

6.6 “Corona.” A “corona” occurs in Wil- 
liamsonia gigas, W. hildae, W. leckenbyi, Wie- 
landiella angustifolia, and the two species of Wil- 
liamsoniella, W. coronata and W. lignieri. No 
comparable feature occurs in other gymno- 
sperms, and I regard this as a specialization over 
the condition in other Bennettitales. 

6.7 Bisporangiate (bisexual) ‘‘flowers.”’ 
Bisporangiate “flowers” occur in Cycadeoidea and 
the two species of Williamsoniella. They are not 
known in other gymnosperms except the Gne- 
tales (see character 1.7). They are interpreted here 
as a specialized feature within the Bennettitales, 
and the possibility that they are homologous with 
the “flowers” of the Gnetales is considered later 
in this paper (p. 775). 

6.8 Microsporophylls laterally flattened. In 
those Bennettitales for which the microsporo- 
phylls are known, only in Cycadeoidea, William- 
soniella coronata, and W. lignieri are they lat- 
erally flattened. Dorsiventrally flattened leaf-like 
microsporophylls are generalized in seed plants, 
and the laterally compressed forms found in some 
Bennettitales are therefore interpreted as spe- 
cialized. 

6.9 Microsporophylls with three to four pairs 
of bivalved synangia. Both species of William- 
soniella have very similar microsporophylls, with 
three to four pairs of bivalved synangia. Other 
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VARDEKLOEFTIA SULCATA 
WILLIAMSONIA SEWARDIANA 
WILLIAMSONIA HARRISIANA 
MONATHESIA MAGNIFICA 
WIELANDIELLA ANGUSTIFOLIA 
WILLIAMSONIA GIGAS 
WILLIAMSONIA HILDAE 
WILLIAMSONIA LECKENBYI 
WILLIAMSONIELLA CORONATA 
WILLIAMSONIELLA LIGNIERI 
CYCADEOIDEA SP. 





FiGuRE 12. Preliminary cladogram summarizing 
relationships within the Bennettitales based on the data 
in Table 6. An asterisk indicates reversal of character 
6.6. See text for further explanation. 


gymnosperms generally have larger numbers of 
sporangia on each microsporophyll, and most 
other known bennettitalean microsporophylls 
have numerous synangia. The condition with few 
synangia is interpreted as a synapomorphy of 
Williamsoniella species. 

6.10 Nilssoniopteris /eaves. Both species of 
Williamsoniella have been linked with Nilsson- 
iopteris leaves, and although recognized as two 
distinct species, N. vittata and N. major are very 
similar in morphology, venation, and cuticle 
(Harris, 1969: 75). Megaphyllous leaves in most 
seed plants, including most Bennettitales, are 
pinnate. In the context of the Bennettitales as a 
whole I therefore interpret Ni/ssoniopteris leaves 
as a synapomorphy of Williamsoniella species. 

6.11 Synangia borne directly on the “rays” 
(microsporophylls). The microsporangiate 
“flowers” of Williamsonia hildae (Weltrichia 
whitbiensis) and Williamsonia leckenbyi (Wel- 
trichia pecten) are extremely similar (Harris, 
1969: 169), and differ from the microsporangiate 
flowers of Williamsonia gigas (Weltrichia sol) 
in having the synangia borne directly on the sur- 
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face of the “rays” (microsporophylls) rather than 
on fertile lateral pinnae as in Weltrichia whit- 
biensis, W. pecten, Williamsoniella, and Cycad- 
eoidea. The presence of these distinct fertile lat- 
eral pinnae is interpreted here as a primitive 
feature within the Bennettitales based on com- 
parison with the pinnately divided microsporo- 
phylls of most “seed ferns.” 


DISCUSSION AND INTERPRETATION 


The data matrix for the Bennettitales is given 
in Table 6 and the resulting cladogram in Figure 
12. The Bennettitales have long been widely ac- 
cepted as a natural group and at this level of 
analysis may be defined as monophyletic by the 
presence of interseminal scales, the characteristic 
cutinization of the guard-cells, the numerous 
ovules, and the bivalved synangia. The prelim- 
inary analysis presented here is the first attempt 
to clarify the interrelationships of the various 
taxa within the group. Although it provides 
some resolution, it is handicapped by lack of 
knowledge of microsporangiate organs in Var- 
dekloeftia, Williamsonia sewardiana, W. har- 
risiana, Wielandiella angustifolia, and Monan- 
thesia. In addition there is considerable diversity 
among Upper Triassic bennettitalean reproduc- 
tive structures that needs to be incorporated into 
the analysis (Krausel, 1948, 1949; Krausel & 
Schaarschmidt, 1966). Several of these fossils 
(e.g., Haitingeria krasseri, Leguminathus sili- 
quosus, Leuthardtia ovalis, Westerheimia pra- 
melreuthensis) have unusual morphologies com- 
pared to the “flowers” of later Bennettitales and 
are currently being reinvestigated (Crane, work 
in progress). 

It has been traditional to recognize two loosely 
defined families, the Cycadeoidaceae and Wil- 
liamsoniaceae, within the Bennettitales (Stewart, 
1983; Taylor, 198la), but these do not form 
monophyletic groups in the cladogram. The Cy- 
cadeoidaceae are generally regarded as unified by 
having the flowers borne within an armor of per- 
sistent leaf bases and would include Cycadeoidea 
and Monanthesia considered in this analysis. The 
habit of these plants is similar but other char- 
acters do not place them together, and the flowers 
of Williamsonia sewardiana also are surrounded 
by at least some persistent leaf bases (Sahni, 
1932b; see also Sharma, 1971). Unless other 
characters can be found to unite the Cycadeoida- 
ceae, the two traditional families of Bennettitales 
have dubious phylogenetic utility. It should, 
however, be noted that the pattern of characters 
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FIGURE 13. Morphology of Archaeopteris.—A. A. macilenta, fertile lateral branch systems based on Beck 
(1981, ñg. 6.31) and Phillips et al. (1972, pl. 37, fig. 8); ca. x 1.5.—B. Archaeopteris sp. trilete microspore, based 
on Phillips et al. (1972, pl. 45, fig. 49); x 500.—C. Archaeopteris sp. trilete megaspore, based on Phillips et al. 


(1972, pl. 43, fig. 28); x 200. 


accepted here suggests that the absence of the 
“corona” (character 6.6) from Cycadeoidea may 
be interpreted as secondary loss. 


REPRESENTATIVE EXTANT AND 
FossIL GYMNOSPERMS 


Having attempted to provide an outline of re- 
lationships within some groups of gymnosperms, 
the relationships between major seed plant taxa 
can be assessed. The principal constraint in such 
an analysis is the information available for many 
fossil seed plants. In this analysis I have at- 
tempted to keep assumptions concerning un- 
known characters to a minimum by using only 
the better understood fossil seed plants. This has 
excluded many potentially important fossil plants 
that need to be incorporated in future, more in- 
clusive analyses. In this section I briefly review 
the characters of extant and fossil seed plants, 
emphasizing in particular the basis and limita- 
tions of our knowledge of fossil taxa. 


ARCHAEOPTERIS 


Archaeopteris (Fig. 13A) ranges from the mid- 
Devonian (Givetian) to Lower Mississippian 
(Tournaisian). It is an important Late Devonian 


plant and is the most completely understood of 
all progymnosperms (Beck, 1981; see Fig. 1). The 
plants were arborescent and eustelic with a large 
parenchymatous pith. There was a bifacial cam- 
bium that produced both secondary xylem and 
secondary phloem (Beck et al., 1982). The sec- 
ondary xylem (Callixylon) was pycnoxylic and 
similar to that of extant conifers. The tracheids 
had uniseriate to multiseriate, circular, bordered 
pits on the radial walls (Beck, 1981: 202), and 
there was no axial parenchyma. The rays were 
uniseriate to multiseriate. Callixylon wood is 
known to have been attached to Archaeopteris 
branch systems (Beck, 1960, 1970). Although 
stem morphology and the pseudomonopodial 
branching of Archaeopteris is well understood, 
regular axillary branching does not occur (Beck, 
1981: 212; Scheckler, 1978). Leaves were heli- 
cally or decussately arranged and decurrent at 
the base (Fig. 13A), typically wedge-shaped, and 
varied from entire to deeply divided. The sto- 
mata of Archaeopteris have not been described. 

Some lateral branch systems were fertile. The 
fertile leaves were generally deeply divided and 
bore microsporangia and/or megasporangia on 
their adaxial surface. Some species were hetero- 
sporous (Phillips et al., 1972), but whether other 
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species were homosporous or heterosporous is 
unknown. The microsporangia were long and 
slender, while megasporangia were shorter and 
broader. Both dehisced by a single longitudinal 
suture. The microspores (Cyclogranisporites) were 
about 40 um in diameter, with a proximal trilete 
suture and a finely granular or smooth surface 
(Fig. 13B). The exine structure was granular (Pet- 
titt, 1966). The megaspores (Biharisporites) were 
about 200 um in diameter, with a trilete suture 
and a reticulate to rugulate surface (Fig. 13C; 
Phillips et al., 1972). Both microspores and 
megaspores presumably germinated proximally 
to produce free-living male gametophytes with 
motile spermatozoids and female gametophytes 
with well-developed archegonia. However, noth- 
ing is known of gametophyte development, ga- 
metes, or embryogenesis. 


MEDULLOSANS 


The medullosans are among the most exten- 
sively studied of all seed ferns (Stewart, 1983; 
Stidd, 1981la, 1981b). Typically, they have two 
or more vascular segments in the stem but this 
apparent “polystely” appears to be only a mod- 
ification of the fundamentally eustelic arrange- 
ment in all other seed plants (Basinger et al., 
1974; Beck et al., 1982). However, Quaestora 
amplecta (Mapes & Rothwell, 1980) from the 
Upper Mississippian of Arkansas, the earliest 
medullosan stem known, has an exarch proto- 
stele. If Quaestora is correctly interpreted as a 
medullosan it suggests that “polystely” may have 
arisen within the medullosan clade. The bifacial 
cambium produces secondary xylem and sec- 
ondary phloem. The wood has multiseriate rays 
and is comprised of tracheids with multiseriate, 
oval, bordered pits on their radial walls. Despite 
extensive studies of medullosan anatomy (Stew- 
art, 1983) and ontogeny (Delevoryas, 1955), ax- 
illary branching in medullosans has been dem- 
onstrated only once (Hamer, 1984 and pers. 
comm.). Medullosan leaves (e.g., Alethopteris, 
Neuropteris, Odontopteris) were large and pin- 
nately organized, often with a bifurcated primary 
rachis. The petioles (Myeloxylon) contained a 
large number of scattered vascular bundles. Sto- 
mata have been described as paracytic (Oestry- 
Stidd & Stidd, 1976), but reinterpretation and 
better preserved material shows that they are an- 
omocytic (Mickle & Rothwell, 1982; Reihman 
& Schabilion, 1978; Stidd, 1981a: 67). 

Although a few specimens are known that show 
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seeds apparently attached to medullosan foliage 
(Stewart, 1983: 260-261), most medullosan seeds, 
particularly those that are well understood ana- 
tomically (e.g., Pachytesta illinoensis), are linked 
with the vegetative parts on the basis of associ- 
ation evidence (Stewart, 1983: 260). The ovules 
(Pachytesta, Trigonocarpus, etc., see Hoskins & 
Cross, 1946; Taylor, 1965) are large (up to 11 
cm long) and radiospermic. Each has a single 
integument with a sarcotesta, sclerotesta, and en- 
dotesta. The integument and nucellus are free 
except at the chalaza. Frequently the sclerotesta 
has three primary ribs, and often secondary and 
tertiary ribs also are developed. The ovules have 
a radially arranged double vascular system. The 
outer system has numerous traces that run within 
the sarcotesta between the ribs, while the inner 
system within the nucellus is formed by bundles 
or a network originating from a pad of vascular 
tissue at the chalazal end. The megaspore mem- 
brane in medullosan seeds is thick (5-25 um) 
(Taylor, 1965). 

Some medullosan pollen organs are large, 
complex synangiate structures with tubular spo- 
rangia that dehisce longitudinally (e.g., Dolero- 
theca), while others such as Aulacotheca and 
Halletheca are simpler, with fewer sporangia 
(Taylor, 1981b). Only a few of these pollen or- 
gans are known to have been attached to medul- 
losan foliage (Dennis & Eggert, 1978), but con- 
vincing association and structural evidence has 
been presented for others (Ramanujam et al., 
1974; Stewart, 1983). The majority of the pollen 
organs are known to have produced Monoletes 
(Schopfipollenites) pollen. These grains are large 
(100-500 um long) and ellipsoidal. Distally there 
are often two longitudinal grooves and proxi- 
mally a monolete suture with a marked deflec- 
tion in the center. Occasionally (Parasporites, 
Dennis & Eggert, 1978) the grains have a pair of 
small sacci. The pollen wall is alveolar, with nu- 
merous fine cavities (Taylor, 1978). Pollen wall 
ultrastructure is similar to that of cycads, but the 
ontogeny is apparently different (Taylor, 1982; 
Taylor & Rothwell, 1982), and the wall cavities 
are much less regular. Germination is thought to 
have been proximal (prepollen sensu Chaloner, 
1970a); male gametes were probably motile. 
Monoletes pollen has been described in the pol- 
len chamber of Pachytesta hexangulata (Stewart, 
1951). Little is known of male gametophyte de- 
velopment, but the pollen contents figured by 
Stewart (1951) are suggestive of the spermato- 
zoids of extant cycads and hence zooidogamy. 
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The details of female gametophyte develop- 
ment are unknown in medullosans, but the ga- 
metophyte is cellular, with archegonia at fertil- 
ization (Stewart, 1951). Nothing is known of 
embryogenesis, and an embryo has never been 
described from a medullosan seed (Stewart, 1983: 
282-283). 


CYCADS 


Possible defining characters of cycads have al- 
ready been discussed (Fig. 5). The primary vas- 
cular architecture of extant cycads is not under- 
stood clearly (Beck et al., 1982), but evidence 
from microsporangiate cones suggests that the 
vasculature is fundamentally eustelic (Beck et al., 
1982: 755). Typically the stem has a large pith, 
and the bifacial cambium (or cambia in Enceph- 
alartos and Macrozamia, Sporne, 1971la: 108) 
produces relatively small amounts of secondary 
xylem and phloem. The secondary xylem con- 
sists of tracheids with multiseriate bordered pits 
and has many rays. In Zamia and Stangeria the 
wood has tracheids with scalariform pitting 
(Sporne, 1971a: 108). The growth of most cycad 
stems is sympodial (see character 2.2), and some 
genera (e.g., Stangeria and Bowenia) are irregu- 
larly branched. According to Bierhorst (1971: 
373), Stopes (1910), and Stevenson (1980) 
branching is adventitious, and Foster and Gif- 
ford (1974: 419) observed that some lateral buds 
form from the living tissues of persistent leaf 
bases while others arise due to injury. There are 
no detailed developmental studies of branching 
in cycads. Cycad leaves are generally large and 
pinnate with dichotomous venation, although 
some anastomoses do occur (Foster & Gifford, 
1974: 422-423). The stomata are anomocyftic. 

The ovules are borne on simple megasporo- 
phylls that are generally arranged in cones (see 
character 2.2). There are generally two ovules per 
megasporophyll, although some species of Cycas 
may have up to eight. The ovules are large (up 
to 6 cm long, Chamberlain, 1935: 104) and ra- 
dially symmetrical. Each has a single massive 
integument with three layers: a fleshy sarcotesta, 
a hard sclerotesta, and an endotesta. The integ- 
ument and nucellus are “fused” except close to 
the micropyle. The ovule is supplied by a double, 
radially arranged, vascular system. There are 
about ten vascular bundles that run up the out- 
side of the sclerotesta, and an inner anastomos- 
ing system of vascular bundles that run in the 
endotesta to the level at which the integument 
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and nucellus are free. The megaspore membrane 
is well developed and may be up to 10 um thick 
in mature ovules (Chamberlain, 1935: 126; Erdt- 
man, 1965), but the nucellus and inner lining of 
the integument is only weakly cutinized (Harris, 
1954). 

The microsporophylls of all cycads are borne 
in cones and bear microsporangia on their abax- 
ial surface. In Cycas there may be more than 
1,000 microsporangia, but in Zamia there are 
25 or less (Chamberlain, 1935: 115). The micro- 
sporangia are arranged in sorus-like clusters of 
two to six, each supplied by a single vein (Ste- 
venson, 1982). Each microsporangium dehisces 
by a single slit towards the center of the “‘sorus.” 
The pollen is boat-shaped, non-saccate, and more 
or less smooth-walled. The pollen wall is alveo- 
late with numerous fine cavities (Audran & Ma- 
sure, 1977). The male gametophyte is generally 
five-celled (see character 1.1), and the final di- 
vision of the spermatogenous cell produces two 
large spermatozoids up to 400 um in length (Nor- 
stog, 1977) with a spiral band of flagella (Sporne, 
1971a: 116). The pollen germinates distally, pro- 
ducing a haustorial pollen tube, and the sper- 
matozoids are released by a rupture in the pollen 
tube close to the distal pollen wall. 

The female gametophyte develops from a sin- 
gle functional megaspore (see character 1.2) that 
undergoes free nuclear divisions until over 1,000 
nuclei have been produced, before centripetal 
cellularization (Sporne, 1971a: 114) and the for- 
mation of archegonia. Following fertilization, free 
nuclear division produces 64-1,000 nuclei be- 
fore cellularization occurs (Sporne, 1971a: 116). 


LYGINOPTERIS 


Lyginopteris oldhamia is known from the Up- 
per Carboniferous (Westphalian A) of Europe 
(Oliver & Scott, 1904; Stewart, 1983). The name 
is applied to small stems, up to 4 cm in diameter 
(Taylor & Millay, 1981: 38), of possibly vine- 
like habit (Stewart, 1983; Taylor & Millay, 1981). 
The primary vasculature was eustelic (Beck et 
al., 1982; Scott, 1923), and a bifacial cambium 
produced relatively little secondary xylem and 
phloem. The wood contained large tracheids with 
multiseriate, oval bordered pits on the radial 
walls. The rays were wide and multiseriate. Reg- 
ular axillary branching occurred. Leaves were 
widely separated and borne helically on the stem. 
They were small, pinnately organized, and highly 
dissected. The primary rachis bifurcated shortly 
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Ficure 14. Morphology of Lagenostoma and Telangium. — A. L. lomaxii, cupule and ovule, based on Oliver 
and Scott (1904, text-fig. 2); x5.—B. T. scottii, pollen organ, based on Benson (1904, figs. 1, 9, 10); 7.5. 


after leaving the stem. On the basis of association 
and the occurrence of large, distinctive, stalked, 
capitate glands, Sphenopteris hoeninghausii (Ra- 
chiopteris aspera when anatomically preserved) 
is thought to be the foliage of L. oldhamia. 

The ovules of Lyginopteris (Lagenostoma lo- 
maxii, Fig. 14A) are known attached to Sphenop- 
teris hoeninghausii foliage. They were borne ter- 
minally on the distal part of the fronds in 
pedicellate cupules. Each cupule contained a sin- 
gle ovule. The upper half of the cupule bore eight 
to ten distal lobes, each supplied by a single vas- 
cular strand. The ovules were small (about 5.5 
mm long) and radiospermic. The single integu- 
ment was “‘fused” with the nucellus except near 
the micropyle. The integument was supplied by 
eight or nine radially arranged bundles in the 
endotesta. The megaspore membrane was thick 
(Oliver & Scott, 1904) and may be up to 5 um 
in some lyginopterid pteridosperms (Taylor & 
Millay, 1981). It is unknown whether the mega- 
spore of L. Jomaxi had a trilete mark, but this 
feature does occur in other lyginopterid mega- 
spores (Pettitt, 1969; Schabilion & Brotzman, 
1979), and in Stamnostoma huttonense there is 
a cluster of three aborted spores at the apex of 
the megaspore (Long, 1975). This suggests that 
lyginopterid megaspores were derived from a tet- 
rahedral rather than linear tetrad. 

The microsporangiate organs of Lyginopteris 
are frequently considered to be Crossotheca 
(Kidston, 1906; Sporne, 1971a: 55), but there is 
no evidence linking these two organs as part of 
the same plant (Jongmans, 1930). Lyginopteris 
oldhamia and Lagenostoma lomaxii come from 


strata older (Westphalian A) than those in which 
Crossotheca is typically abundant. Benson (1904) 
made a good case for Telangium scottii (Fig. 14B) 
being the Lyginopteris microsporangiate organ, 
based on anatomical similarity and association 
evidence. Telangium scottii comprises bilater- 
ally symmetrical synangia with six to eight ellip- 
soidal sporangia that dehisced along their inner 
wall. The pollen (prepollen) was small with a 
proximal trilete mark. The pollen wall ultrastruc- 
ture is unknown, but in other supposed lyginop- 
terids (e.g., Crossotheca, Millay et al., 1978) it is 
structurally homogeneous. Male gametophyte 
development is unknown, but presumably ger- 
mination was proximal and produced motile 
sperm. The large flagellate spermatozoids de- 
scribed in the micropyle of Lagenostoma ovoides 
(Benson, 1908) would be worth reexamining. 
The female gametophyte of Lagenostoma lo- 
maxii was cellular, and the development prob- 
ably involved an initial free nuclear phase fol- 
lowed by centripetal cellularization (McLean, 
1912; Oliver & Scott, 1904). The female game- 
tophytes of L. ovoides and Hydrasperma tenuis 
were also cellular, and archegonia have been de- 
scribed (Long, 1944; Matten et al., 1984). Long 
(1975) has described a possible lyginopterid em- 
bryo from the Lower Carboniferous of Scotland, 
but embryos of Lagenostoma and all lyginop- 
terid pteridosperms are otherwise unknown. 


CORDAIXYLON 


Several species of microsporangiate and ovu- 
late Cordaianthus inflorescences have been de- 
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scribed in the literature (Rothwell, 1977; Dagh- 
lian & Taylor, 1979), but only one is known as 
part of a “whole plant” (Rothwell & Warner, 
1982, 1984). The description given here is based 
on the Cordaianthus inflorescences attached to 
Cordaixylon dumusum stems and leaves from 
the Late Pennsylvanian of eastern Ohio (Roth- 
well & Warner, 1982, 1984). 

The mature stems were up to about 5 cm in 
diameter and produced abundant adventitious 
roots. The plant is reconstructed as a smallshrub. 
The primary vascular system was an endarch 
eustele, and a bifacial cambium produced sec- 
ondary xylem and secondary phloem. The sec- 
ondary xylem was composed of tracheids with 
crowded multiseriate oval bordered pits on the 
radial walls. The rays were predominantly uni- 
seriate. Leaves were helically arranged and ranged 
from needle-like with a single vein to spatulate 
forms up to 3 cm wide with numerous veins. 
Some branches bore needle-like leaves at the 
base and spatulate leaves distally. Others bore 
needle-like leaves throughout. Anatomical de- 
tails of the leaves are described by Rothwell and 
Warner (1984). The stomata consisted of two 
guard cells with two lateral and two subsidiary 
cells. 

Inflorescences were borne irregularly as epi- 
cormic branches on the stems. Frequently the 
xylem of the cone axis was not continuous with 
the xylem of the stem. Ovulate inflorescences 
(Cordaianthus duquesnensis Rothwell, 1982b) 
consisted of a bilaterally symmetrical primary 
axis bearing four rows of fertile secondary shoots, 
each in the axil of a bract. The secondary shoots 
had 60-70 helically arranged scales of which the 
distal 20-30 were fertile and bore a single ter- 
minal ovule. Immature ovules are known at- 
tached to the inflorescence and are linked by a 
continuous morphological series with mature 
ovules of Cardiocarpus oviformis Leisman (1961) 
that occur in the same deposit. These mature 
ovules were up to about 9 mm long and distinctly 
flattened. There was a single integument that was 
free from the nucellus except at the chalaza. Each 
ovule was supplied by a single vascular bundle 
that expanded to form a flattened plate at the 
base of the nucellus. Below this plate the main 
vascular bundle produced two lateral traces that 
ran through the sarcotesta in the primary plane, 
one on either side of the nucellus. The megaspore 
membrane was about 5 um thick. 

The structure of the microsporangiate inflo- 
rescence was similar to that of the ovulate inflo- 
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rescences, consisting of a bilaterally symmetrical 
primary axis with four rows of fertile secondary 
shoots, each in the axil of a bract. The secondary 
shoots bore helically arranged scales the distal- 
most of which were fertile. Each fertile scale bore 
five microsporangia arranged in a ring at the apex. 
The microsporangia were fused proximally and 
free distally. Pollen was saccate and of the Flor- 
inites type. Florinites pollen has a distal thinning 
of the wall and an alveolate wall structure with 
large cavities. 

Nothing is known of cordaite male gameto- 
phytes from North American material, but Flor- 
in (1936) described male gametophytes from 
Florinites in situ within Cordaianthus from Eu- 
rope (Millay & Eggert, 1974). Florin’s material 
shows axial rows of four or five cells in each grain, 
and the male gametophyte was therefore basi- 
cally similar to that seen in many conifers and 
Ephedra (Millay & Eggert, 1974; Fig. 2, see char- 
acter 1.1). Germination was probably distal (Mil- 
lay & Taylor, 1974). The female gametophyte of 
Cardiocarpus oviformis was cellular and pos- 
sessed two archegonia as described in C. spinatus 
by Andrews and Felix (1952). Nothing is known 
of the embryo of the ‘“‘Cordaixylon plant.” 


MESOXYLON 


The cordaite inflorescence Gothania was de- 
scribed originally from European material (Scott, 
1919), but knowledge of the Gothania plant has 
been increased considerably by description of G. 
lesliana from the Middle Pennsylvanian of Ken- 
tucky (Daghlian & Taylor, 1979) and Mesoxylon 
priapi from the Upper Pennsylvanian of eastern 
Ohio (Trivett, 1983; Trivett & Rothwell, 1985). 
On the basis of association in both European and 
North American coal balls, Daghlian and Taylor 
(1979) suggest that G. /esliana is the microspo- 
rangiate fructification of a M. sutcliffi stem 
with Cordaites felicis foliage and Mitrospermum 
compressum ovules. Trivett and Rothwell (1985) 
describe Mesoxylon priapi based on stems with 
attached Cordaites felicis foliage and microspo- 
rangiate inflorescences of the Gothania type. This 
material forms the basis for the description given 
here. 

Mesoxylon stems (Beck et al., 1982; Scott & 
Maslen, 1910) had a primary vascular system 
consisting of a modified mesarch eustele. A bi- 
facial cambium produced secondary xylem and 
secondary phloem. The secondary xylem was 
composed of tracheids with crowded multise- 
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riate oval bordered pits on the radial walls. The 
rays were two to four cells wide. Axillary branch- 
ing is known to occur and axillary buds were 
covered with needle-like bud scales. The leaves 
(Cordaites felicis) were helically arranged, prob- 
ably spatulate, and several centimeters wide with 
numerous veins. Anatomical details of the leaves 
are described by Benson (1912), Good and Tay- 
lor (1970), and Trivett and Rothwell (1985). The 
stomata consisted of two guard cells with two 
lateral and two subsidiary cells. 

Inflorescences were borne in the axils of leaves. 
Occasionally both an inflorescence and a vege- 
tative bud occur in the axil of a single leaf. Ovu- 
late inflorescences are unknown, but were pre- 
sumably similar to those of Cordaixylon 
dumusum, consisting ofa bilaterally symmetrical 
primary axis bearing four rows of fertile second- 
ary shoots, each in the axil of a bract. Mature 
ovules of Mitrospermum vinculum (Grove & 
Rothwell, 1980) occur in the same deposit as M. 
priapi and contain abundant pollen from the 
Mesoxylon plant in the micropyle. Mature ovules 
were up to about 4 mm long and distinctly flat- 
tened. There was a single integument that was 
free from the nucellus except at the chalaza. The 
ovule was supplied by a single vascular bundle 
that expanded to form a flattened plate at the 
base of the nucellus. Below this the main vascular 
bundle produced two lateral traces that passed 
through the sclerotesta and extended to the mi- 
cropyle in the sarcotesta. The bundles were po- 
sitioned one on either side of the nucellus in the 
primary plane of the ovule. The megaspore 
membrane was 6-13 um thick. 

The structure of microsporangiate inflores- 
cence was similar to that of the ovulate inflores- 
cences, consisting of a bilaterally symmetrical 
primary axis with four rows of fertile secondary 
shoots. The secondary shoots had up to 28 he- 
lically arranged scales. There were about five fer- 
tile scales confined to the distal part of the shoot 
and each bore four microsporangia arranged in 
a row at the apex. The microsporangia were free 
throughout their length. Pollen was saccate and 
of the Sullisaccites type. Sullisaccites has a distal 
monolete or trilete suture and an alveolate wall 
structure with large cavities (Millay & Taylor, 
1974). Gothania lesliana produced monosaccate 
Felixipollenites pollen with a monolete or trilete 
proximal suture. The pollen wall was alveolate, 
with irregular, medium-sized cavities (Taylor & 
Daghlian, 1980). Nothing is known of male ga- 
metophyte development, but both Felixipolle- 
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nites and Sullisaccites (prepollen) are thought to 
have germinated proximally. 

Nothing is known of the female gametophyte 
or embryo of Mesoxylon. Male and female ga- 
metophytes of other cordaites are known and 
discussed under Cordaianthus. 


CONIFERS 


Possible defining characters of conifers have 
been discussed already (Fig. 6). The primary vas- 
culature of the stem is eustelic (Beck et al., 1982) 
with a single bifacial cambium producing sec- 
ondary xylem and phloem. The secondary xylem 
is pycnoxylic, characteristically with uniseriate 
rays, and the tracheids have uniseriate to mul- 
tiseriate circular bordered pits, generally con- 
fined to the radial walls. Some genera have long- 
and short-shoot systems, and axillary branching 
occurs. Although there is considerable variation 
in leaf morphology (see character 3.1), no conifer 
has pinnate leaves. Stomata are anomocytic (but 
see Scott & Chaloner, 1983). 

Ovulate cones are diverse in form, but all are 
regarded as fundamentally compound, with cone 
scales interpreted as fertile shoots in the axils of 
bracts (see character 3.3). The ovules vary con- 
siderably in size and are flattened. Each has a 
single integument, which frequently has two 
“horns” on either side of the micropyle in the 
primary plane (Bierhorst, 1971, figs. 25.3B, 
25.3C, 25.5E). These “horns” reflect the onto- 
genetic development from two opposite primor- 
dia that also are positioned in the primary plane 
(Bierhorst, 1971, fig. 25.5C, 25.5D; Florin, 1951: 
364). The integument and nucellus may be 
“fused” for most of their length or free except at 
the chalaza. The ovule lacks a well-developed 
vascular system, and frequently there are no bun- 
dles at all (Chamberlain, 1935: 298). The mega- 
spore membrane varies in thickness and com- 
plexity of structure. In the Pinaceae and 
Podocarpaceae it may be 4—6 um thick, whereas 
in the Araucariaceae, Cupressaceae, Cephalotax- 
aceae, Taxaceae, and Taxodiaceae it is generally 
less well developed and may be extremely thin 
(Erdtman, 1965). It is also thick in Lebachia 
(Mapes & Rothwell, 1984, pl. 15, fig. 2). Out- 
group comparison with cycads, Ginkgo, and 
pteridophytes suggests that the thick megaspore 
membrane is the primitive condition in the co- 
nifers, thinner membranes being more special- 
ized. The nucellus and inner lining of the integ- 
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FIGURE 15. 
well (1975, text-fig. 1); x0.25.—B. Callospermarion pusillum, fertile pinnule segment bearing two abaxial ovules, 
based on Rothwell (1981, fig. 3), note that details of seed attachment in Callistophyton are not well understood, 
see text; x5.—C. Callistophyton, pinnule bearing three adaxial microsporangiate synangia, based on Rothwell 
(1981, fig. 3A); x10.—D. C. boyssetii detail of proximal pinnules, based on Rothwell (1981, fig. 2B); x 2.5.— 
E. Vesicaspora pollen grain from an Idanothekion glandulosum pollen sac showing microgametophyte, based 
on Rothwell (1981, pl. 3, fig. 7); x 900. 


umentare generally only weakly cutinized (Harris, 
1954). 

The microsporangiate cones of conifers are ex- 
tremely variable, but they are all usually consid- 
ered to be fundamentally simple structures with 
microsporophylls bearing abaxial microsporan- 
gia. There are several kinds of pollen (Erdtman, 
1965; Wodehouse, 1935), but saccate grains with 
a distal aperture are interpreted here as primitive 
for extant conifers based on out-group compar- 
ison with Lebachia (see Fig. 6). Saccate pollen is 
accepted here as primitive for the group. The 
pollen wall structure in most saccate grains is 
alveolate with large cavities, but in the non-sac- 
cate conifers (e.g., Araucariaceae, Cupressaceae) 
the pollen wall is granular (Doyle et al., 1975). 

Male gametophyte development varies 
(Sporne, 197 1a: 142), but the developmental pat- 
tern that occurs in cycads, Ginkgo, and Ephedra 


Morphology of the Callistophyton plant.—A. Callistophyton, branch system, redrawn from Roth- 


is accepted here as primitive for the group (see 
character 1.1). The pollen germinates distally and 
fertilization is typically siphonogamous, al- 
though there are rare reports of zooidogamy in 
conifers (Christiansen, 1969). 

The female gametophyte develops from a sin- 
gle functional megaspore (see character 1.2) that 
undergoes free nuclear divisions before centrip- 
etal cellularization occurs and archegonia are 
formed. Following fertilization there is a very 
short free nuclear phase in the development of 
the embryo. 


GINKGO 


The genus Ginkgo contains a single extant 
species, G. biloba, although there are several fos- 
sil species, mostly known from foliage only (Tra- 
lau, 1968). The primary vasculature of the stem 
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is eustelic (Beck et al., 1982) with a single bifacial 
cambium producing secondary xylem and 
phloem. In long shoots the secondary xylem is 
pycnoxylic and conifer-like with narrow rays, and 
uniseriate or biseriate circular bordered pits on 
the radial walls of the tracheids. Short shoots 
have manoxylic wood. Axillary branching oc- 
curs. The distinctive fan-shaped leaves have two 
vascular bundles in the petiole. The venation is 
dichotomous with a few anastomoses (Foster & 
Gifford, 1974: 449). Stomata are anomocytic. 

The ovules are borne in pairs at the end of 
stalks in leaf axils. The stalks are slightly dorsi- 
ventrally flattened and contain two pairs of vas- 
cular bundles. Each ovule bearing stalk is inter- 
preted as a short shoot bearing two uniovulate 
fused megasporophylls each represented by a pair 
of vascular bundles (Rothwell, pers. comm.). The 
ovules are large (up to 4 cm long) and either 
flattened or trigonous. Each has a single, massive 
integument that frequently has two apical 
“horns,” one on either side of the micropyle in 
the primary plane (Bierhorst, 1971: 421, fig. 24- 
4B). There is a sarcotesta, a sclerotesta, and en- 
dotesta. The integument and nucellus are “fused” 
except close to the micropyle. The ovule is sup- 
plied by two (or three) poorly developed vascular 
strands that run inside the sclerotesta to the level 
at which the integument and nucellus are free. 
The vascular bundles run in the primary plane, 
and the sclerotesta has two (or three) distinct ribs. 
Occasional ovules may have three or four vas- 
cular bundles and a corresponding number of 
ribs. The megaspore membrane is well devel- 
oped and up to 4—6 um thick at maturity (Cham- 
berlain, 1935: 208; Erdtman, 1965: 10, but see 
Karkenia, Archangelsky, 1965); the nucellus and 
inner lining of the integument are only weakly 
cutinized (Harris, 1954). 

The microsporangiate organs also arise in the 
axils of leaves and consist of a lax inflorescence 
bearing numerous lateral stalks interpreted here 
as microsporophylls. Each microsporophyll bears 
a pair of pendant microsporangia and an apical 
mucilage-containing “knob” (Sporne, 197 1a: 
169). At the base of each lateral stalk there is a 
pair of minute projections. The sporangia de- 
hisce by a single longitudinal slit. The pollen is 
boat-shaped, non-saccate, and more or less 
smooth-walled. The pollen wall is alveolate, with 
large cavities similar to those in many conifers 
(Zavada & Crepet, pers. comm.). Male gameto- 
phyte development is similar to that in Ephedra 
and some conifers (character 1.1). As in cycads, 
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the final division of the spermatogenous cell pro- 
duces two large spermatozoids with a spiral band 
of flagellae (Sporne, 1971a: 170). The pollen ger- 
minates distally, produces a haustorial pollen 
tube, and the motile spermatozoids are released 
by a rupture in the pollen tube close to the distal 
pollen wall. 

The female gametophyte develops from a sin- 
gle functional megaspore (see character 1.2), 
which undergoes free nuclear divisions until about 
256 nuclei are formed, before cellularization oc- 
curs centripetally and archegonia are formed 
(Sporne, 197 1a: 169). Following fertilization, free 
nuclear divisions produce 256 nuclei before cel- 
lularization of the embryo occurs (Chamberlain, 
1935: 211; Sporne, 1971a: 171). 


CALLISTOPH YTON 


Callistophyton (Fig. 15) is currently the best 
understood of all seed ferns based on Middle and 
Upper Pennsylvanian material from North 
America. Its morphology and reproductive bi- 
ology are reviewed by Rothwell (1975, 1980, 
1981). Stems of Callistophyton are up to 3 cm 
in diameter, and the plant is thought to have been 
small and shrubby with a scrambling habit (Fig. 
15A). The primary vasculature of the stem is 
euStelic with a pith and a ring of five sympodia, 
as is typical of Lyginopteris and many fossil co- 
nifers. The secondary xylem is well developed, 
typically with biseriate rays but with some up to 
five cells thick. Tracheids have alternate multi- 
seriate oval bordered pits on the radial walls. The 
secondary phloem produced by the bifacial cam- 
bium consists of radial files of sieve cells and 
phloem parenchyma with scattered rays. The 
stem and all other parts of the plant contained 
spherical secretory cavities, each lined with an 
epithelium. Adventitious roots were formed at 
many of the nodes, and axillary branching oc- 
curred. The axillary buds were covered by small 
linear scales. The leaves (Fig. 15D) were very 
variable in size, and bi-, tri-, or quadripinnate. 
They were helically arranged on the stem. The 
stomata have not been described. 

The ovules (Callospermarion) were borne 
scattered on the abaxial surface of the leaves (Fig. 
15B). Each was flattened with two planes of sym- 
metry. There was a single integument that was 
free from the nucellus except at the chalaza. It 
was vascularized by two vascular bundles in the 
primary plane of the sarcotesta. At the base of 
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FiGurE 16. Morphology of peltasperms.—A. Lepidopteris stormbergensis, bipinnate frond, based on Thomas 
(1933, fig. 53); x0.25.—B. Autunia thomasii, megasporophyll based on Townrow (1960, text-figs. 10B, 11); 
x3.—C. Antevsia zeilleri, based on Harris (1932a, pl. 7, fig. 1); x2.—D. Pollen of A. zeilleri, redrawn from 
Townrow (1960, text-fig. 7J); x750.—E. Peltaspermum rotula, longitudinal section of ovule, redrawn from 
Harris (1932a, fig. 28E); x4.—F. P. rotula, transverse section of ovule, redrawn from Harris (1932a, fig. 28E); 
x4.—G. P. rotula, peltate organ bearing a circle of ovules on the lower surface, most ovules removed for clarity, 
based on Harris (1932a, fig. 281); x 1.5.—H. P. rotula, peltate organ bearing ovules on the lower surface, based 


on Harris (1932a, fig. 28I, pl. 8, fig. 1); x3. 


the nucellus there was a distinct disc of vascular 
tissue. The megaspore membrane was up to 10 
um thick (Rothwell, 1971). 

The microsporangiate organs (Jdanothekion) 
were radially symmetrical synangia borne abax- 
ially on pinnules (Fig. 15C). Each consisted of 
six to eight sporangia united for half their length. 
Distally they formed a tube and dehisced towards 
the center along a single median suture. The spo- 
rangia produced monosaccate pollen of the Ves- 
icaspora-type with a distal sulcus (Fig. 15E). The 
pollen wall is alveolate, similar to that of coni- 
fers. 


Pollen occurs frequently in the micropyles of 
Callospermarion ovules, and a slender, branched 
pollen tube similar to that of extant conifers has 
been described (Rothwell, 1972). Germination 
was distal, and the tube is unlike the larger in- 
flated haustorial structures of extant cycads and 
Ginkgo (Rothwell, 1980: 92). It seems likely that 
the Callistophyton pollen tube indicates siphono- 
gamy. Vesicaspora pollen has been described with 
cellular contents preserved, and the four-celled 
axial row has been interpreted as three prothallial 
cells with a larger antheridial cell (Rothwell, 1981: 
114). Microgametophyte development was 
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TABLE 7. Isolated organs of the three better understood peltasperms (after Townrow, 1960; Kerp, 1982). 
Locality Leaf Megasporophyll Microsporophyll 
South Africa Lepidopteris Autunia thomasii Antevsia 
(M. Triassic) stormbergensis extans 
Sweden & E Greenland Lepidopteris Peltaspermum Antevsia 
(U. Triassic) ottonis rotula zeilleri 
Nahe, West Germany Callipteris Autunia miller- — 
(L. Permian) conferta yensis 





therefore basically similar to that in Ephedra, 
some conifers, and cordaites (Florinites, Millay 
& Eggert, 1974; see character 1.1). 

Megagametophyte development is thought to 
have involved free nuclear divisions, followed 
by centripetal cellularization and differentiation 
of two archegonia. Cellular embryos have not 
been recognized. 


PELTASPERMS 


The Peltaspermaceae range from the Lower 
Permian to Upper Triassic and are known from 
leaves (Callipteris conferta, Lepidopteris), mi- 
crosporophylls (Antevsia), and megasporophylls 
(Autunia, Peltaspermum) (Fig. 16) (Antevs, 1914; 
Harris, 1932a, 1937; Kerp, 1982; Lundblad, 
1950; Mamay, 1975, 1978; Salmenova, 1979; 
Thomas, 1933; Townrow, 1960). Two species 
are known from all three organs (Table 7). The 
individual organs never have been found con- 
nected, but they all show highly characteristic 
blister-like swellings of the cuticle. This and oth- 
er cuticular similarities, combined with associ- 
ation, provide evidence to link them together. 

Almost nothing is known of the stem of the 
peltasperms (Townrow, 1960: 340), but the leaves 
apparently were deciduous, and this suggests that 
the plants were woody. The leaves were bipin- 
nate (Fig. 16A) with bulbous frond bases. Pin- 
nules were borne both on the pinnae and directly 
on the leaf rachis. Stomata were anomocytic. 

Four species of megasporophylls have been de- 
scribed (Kerp, 1982): Autunia dzungaricum (Pel- 
taspermum dzungaricum Salmenova, 1979); A. 
milleryensis; A. thomasii (P. thomasii, Harris, 
1937; Thomas, 1933; Townrow, 1960); and P. 
rotula (Harris, 1932a). They were dorsiventrally 
organized and branched in a single plane (Town- 
row, 1960). It is not known how they were at- 
tached to the plant. Each lateral “branch” (in- 
terpreted here as a pinna of the megasporophyll) 
terminated in a swollen lamina that bore seeds 
on the lower surface. In A. dzungaricum, A. mil- 


leryensis, and A. thomasii the lamina bore two 
seedslateral to the insertion of the “branch” (Fig. 
16B). In P. rotula the seed bearing lamina was 
peltate with the “branch” inserted centrally to 
the undersurface: ten to 12 seeds were arranged 
around the insertion of the “branch” (Fig. 16G, 
H). The lobed margin of the lamina in P. rotula 
was reflexed and attached to the “branch.” Only 
the ovules of P. rotula are known in detail (Fig. 
16E, F). They were flattened and unitegmic with 
a long, bilobed, micropylar tube. The cuticle of 
the outer integument separated into two halves 
on maceration (Harris, 1932a: 69), and I inter- 
pret this as reflecting a platyspermic organi- 
zation of the seed. Nothing is known of seed 
vasculature. The nucellus was free from the in- 
tegument except at the base. The megaspore 
membrane was thick and resistant to maceration. 

Microsporophylls (Antevsia) were bipinnate, 
with alternate primary branching in one plane 
(Fig. 16C). It is not known how they were at- 
tached to the plant. Secondary branching was 
irregular and frequently at 90° to that of the pri- 
mary branching. Secondary branches were short 
and bore four to 12 unilocular, pendulous pollen 
sacs that dehisced along a single longitudinal su- 
ture. Pollen was ellipsoidal, non-saccate, with a 
single distal sulcus (Fig. 16D). Fine structure of 
the pollen wall is unknown. 

Nothing is known of the gametophytes or em- 
bryo of peltasperms. 


GLOSSOPTERIDS 


An outline cladogram of glossopterids has been 
presented already (Fig. 8); only additional fea- 
tures thought to be general for the group are men- 
tioned here. 

The Glossopteris plant is thought to have been 
a large tree (Gould & Delevoryas, 1977; Pant, 
1977a). The primary vasculature was eustelic, 
and a bifacial cambium produced secondary 
phloem and large amounts of secondary wood 
(Araucarioxylon). The wood was pycnoxylic, with 
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tracheids with multiseriate opposite or alternate 
circular bordered pits. The rays were uniseriate. 
Secondary xylem of identical structure is known 
to have been produced in the roots ( Vertebraria, 
Gould, 1975). Axillary branching is known to 
have occurred. The leaves were borne in whorls 
or spirals, probably on long and short shoots 
(Pant, 1977a). The leaves were simple and nar- 
rowly elliptical witha midrib and well-developed 
reticulate venation (character 4.1). Stomata were 
anomocytic. 

The ovules were borne on different kinds of 
megasporophylls (see characters 4.2, 4.5) in the 
axil of a leaf. The ovules of the silicified Austra- 
lian material (Gould & Delevoryas, 1977) were 
not described in detail, but they appear to have 
been pyriform, and some appear flattened (Gould 
& Delevoryas, 1977, fig. 7c). Those associated 
with permineralized Antarctic Glossopteris ma- 
terial (Schopf, 1976: 56-57) were distinctly 
platyspermic, and the vasculature was probably 
“similar to cordaitean ovules” (Schopf, 1976: 
57). The Glossopteris ovules described from 
compressions (e.g., Pterygospermum, Pant & 
Nautiyal, 1960) also were flattened, with a single 
integument and a long micropylar tube. The in- 
tegument and nucellus were apparently free ex- 
cept at the chalaza. The nucellar cuticle was ro- 
bust, but a megaspore membrane up to 6 um 
thick also was present (Pant & Nautiyal, 1960). 

The microsporophylls were borne adnate to a 
Glossopteris leaf (character 4.3). The sporangia 
(Arberiella) had a finely striated wall and de- 
hisced by a single longitudinal slit. They pro- 
duced saccate pollen of the Protohaploxypinus 
type with a distal sulcus. The wall structure of 
glossopterid pollen has not been studied in detail 
but is interpreted here as probably alveolar, sim- 
ilar to that of many conifers and cordaites. 

Nothing is known of the male gametophyte, 
but germination apparently was distal. Limited 
information is available, however, concerning the 
female gametophyte, which was apparently cel- 
lular and contained either one (Gould & Dele- 
voryas, 1977: 392) or two archegonia (Schopf, 
1976: 56). The embryos of G/ossopteris are un- 
known. 


CAYTONIA 


Sagenopteris leaves range from the Upper 
Triassic to Upper Cretaceous (Harris, 1951b, 
1964), but knowledge of the Caytonia plant is 
based on a limited number of localities in east 
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Greenland (Harris, 1933, 1937), eastern U.S.S.R. 
(Krassilov, 1977a), Poland (Reymanowna, 1973), 
Sardinia (Edwards, 1929), Sweden (Lundblad, 
1948), and most importantly the Middle Jurassic 
of England (Thomas, 1925; Harris, 1940a, 1940b, 
1941, 1945, 1951b, 1958, 1964). Three similar 
species are known from leaves, microsporophylls, 
and megasporophylls (Fig. 17, Table 8). The or- 
gans have never been found organically con- 
nected but are linked by association evidence, 
similarity of cuticular structure, and the consis- 
tent occurrence of Caytonanthus pollen in the 
micropyles of Caytonia ovules (Thomas, 1925; 
Harris, 1933, 1940a, 1941, 1951b, 1964). Other 
genera of reproductive structures that may be 
related to Caytonia (e.g., Pramelreuthia Krausel, 
1949; Ktalenia Archangelsky, 1963) are not in- 
cluded in this discussion of characters. 

The stem of the Caytonia plant is known from 
several small twigs (Harris, 1940b, 1971), but 
they are sufficient to show that it was a woody 
shrub or tree with alternate leaves. The twigs 
were thicker than in most extant temperate trees 
and shrubs. They bore alternating zones of bud- 
scales and leaves. Buds occur in the axils of the 
leaves. Branching was sympodial, the apical bud 
ceasing to grow and being succeeded by two lat- 
eral buds to give forked branching as occurred 
for example in the bennettitalean Wielandiella 
angustifolia (Nathorst, 1909). The leaves (Sa- 
genopteris, Fig. 17A, B) were borne on raised 
“leaf cushions” and had a long petiole bearing 
four narrowly elliptical leaflets at the apex. Al- 
though superficially palmate, the leaflets were ar- 
ranged in two pairs (Fig. 17B). They each have 
a midrib and reticulate venation. Small leaves 
with broad stipule-like petiolar flanges and bud- 
scales also are known (Harris, 1940b). The leaves 
apparently were deciduous, with both leaflets and 
petioles shed. Stomata were anomocytic. 

The megasporophylls (Caytonia, Fig. 17E) were 
pinnate, bearing lateral “cupules” on short stalks. 
It is not known how they were attached to the 
stem. The “cupules” were reflexed, with a small 
lip on one side close to the stalk. They were all 
borne on one surface of the rachis, and all were 
reflexed in the same direction. Differentiation of 
the cuticle suggests that the lips were on the upper 
(presumed adaxial) surface (Harris, 1940a). The 
cells around the lip were papillate (Thomas, 1925: 
310). At maturity the “cupules” probably were 
fleshy and “‘berry-like”’ (Harris, 1951b) and shed 
individually. The “flesh” of the “cupule” con- 
sisted of a network of vascular strands, large 
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FiGuRE 17. Morphology of the Caytonia plant.—A. Sagenopteris colpodes, based on Thomas (1925, pl. 15, 
fig. 50); x0.75.—B. S. colpodes, detail of leaflet attachment and venation, based on Harris (1964, fig. 2H); x4.— 
C. Caytonanthus arberi, based on Harris (1941, pl. 2, fig. 3); x 7.—D. Pollen from C. arberi, based on Townrow 
(1962b, fig. 3d, e); x 1,200.—E. Caytonia nathorstii megasporophyll, based on Harris (1964, fig. 1OA-C); x 5.— 
F. Caytonia “‘cupule” containing seeds, based on Reymanówna (1973, particularly text fig. 12E, F); x12.5.— 
G. Caytonia “‘cupule,” longitudinal section, based on Reymanówna (1973, particularly text-fig. 12E, F); x12.5.— 
H. C. nathorstii ovule longitudinal section, redrawn from Harris (1958, fig. 7); x110. 
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TABLE 8. 
Locality Leaf 
U.K., Yorkshire Sagenopteris 
(M. Jurassic) colpodes 
Sagenopteris 
Phillipsii 
E Greenland Sagenopteris 
(U. Triassic—L. Jurassic) nilssoniana 


rounded cells, and branched sclereids (Reyma- 
nowna, 1973). Each “cupule” contained a “‘pack- 
et” of several small ovules surrounded by a com- 
mon cuticular membrane that was continuous 
with the outer cuticle of the cupule (Fig. 17F; 
Krassilov, 1977a; Reymanówna, 1973). The 
ovules were arranged with their micropyles ori- 
ented towards the mouth, below the lip of the 
“cupule.” Narrow channels ran between the cu- 
ticles of the mouth connecting the micropyles 
with the outside (Fig. 17G). 

The ovules were flattened and unitegmic, with 
a narrow micropylar slit (Harris, 1940a, 1958; 
Thomas, 1925). The integument was free from 
the nucellus except at the chalaza and was sup- 
plied by a pair of vascular bundles (Reyma- 
nowna, 1973). Each bundle consisted of scalari- 
form tracheids that ran along the edge of the seed 
in the primary plane, almost to the micropyle. 
The integument and nucellus were strongly cu- 
tinized, but no acid-resistant megaspore mem- 
brane was detected (Fig. 17H; Harris, 1958). 

The microsporophylls (Caytonanthus, Fig. 
17C) were pinnate, with irregular, short, lateral 
“branches.” It is not known how they were at- 
tached to the plant, but they were dorsiventrally 
flattened, with different cuticles on the upper and 
lower surfaces. On their lower surface the lateral 
“branches” bore radially symmetrical, elongated 
synangia, with four (rarely, three or five) locules. 
The locules dehisced longitudinally towards the 
inside, separating in the middle but remaining 
attached at the apex and base. The pollen ( Vitrei- 
sporites, Fig. 17D) was bisaccate with a distal 
sulcus. Krassilov (1977a) has described mono- 
saccate grains. The pollen wall was alveolate with 
large cavities (Crepet & Zavada, pers. comm.). 
Although Caytonia was claimed originally to be 
an angiosperm (Thomas, 1925), Harris (1933, 
1940a) demonstrated Vitreisporites pollen in the 
micropyles of Caytonia seeds. Pollination prob- 
ably involved a pollination drop mechanism that 
drew pollen along the channels of the mouth and 
onto the micropyles. 
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Isolated organs of the three best known species of the Caytonia plant (after Harris, 1941, 1951b). 


Megasporophyll Microsporophyll 
Caytonia Caytonanthus 
sewardi oncodes 
Caytonia Caytonanthus 
nathorstii arberi 
Caytonia Caytonanthus 
thomasii kochii 


Nothing is known of the male or female ga- 
metophyte of Caytonia, and the embryo is only 
known from “aleurone cells” (Harris, 1958). 


CORYSTOSPERMS 


The Corystospermaceae was established by 
Thomas (1933) for leaves, microsporophylls, and 
megasporophylls from the Middle Triassic Mol- 
teno Beds of the Upper Umkomaas Valley, Natal 
(see Anderson & Anderson, 1983). Some of 
Thomas’ specimens have been subsequently re- 
interpreted (Townrow, 1962a), and additional 
material has been described from the Molteno 
flora of Zimbabwe (Lacey, 1976), the Upper 
Triassic/Lower Jurassic of Tasmania (Townrow, 
1965), the Triassic of New South Wales (Holmes 
& Ash, 1979), the Triassic of India (Pant & Basu, 
1973, 1979; Srivastava, 1974), the Triassic of 
Argentina (Archangelsky, 1968; Petriella, 1979, 
1980, 1981, 1983), and the Middle Jurassic of 
Yorkshire (Harris, 1964). The individual organs 
have never been found in organic connection but 
are treated together on the basis of consistent 
association, similarity of cuticular structure, and 
the occurrence of pollen from the microsporan- 
gia in micropyles of the ovules (Archangelsky, 
1968; Harris, 1964; Thomas, 1933; Townrow, 
1962a, 1965). 

The corystosperms were woody plants, but their 
stems are poorly known. Harris (1983a) de- 
scribed the stem of Pachypteris papillosa based 
on compressions, and Archangelsky (1968) has 
suggested that Rhexoxylon (Fig. 18G; Archan- 
gelsky, 1968; Archangelsky & Brett, 1961) may 
be the stem of some Triassic corystosperms. Ex- 
ternally Rhexoxylon showed leaf bases and branch 
scars. It is not known whether axillary branching 
occurred. Internally there was a large pith sur- 
rounded by a ring of vascular segments with sec- 
ondary xylem developed both centripetally and 
centrifugally in relation to the primary xylem. 
This “polystelic”’ arrangement may well be mere- 
ly a modification of a basic eustele (Beck et al., 
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Ficure 18. Morphology of corystosperms.—A. Pachypteris papillosa stem with leaves, based on Harris 
(1983a, fig. 2); x0.25.—B. Pteroma thomasii synangium, abaxial view, redrawn from Harris (1964, fig. 66B); 
x 2.5.—C. P. thomasii, lateral view, based on Harris (1964, fig. 66A—G, I); x 2.—D. Dicroidium odontopteroides, 
redrawn from Thomas (1933, fig. 49a); x0.75.—E. Umkomasia macleanii, redrawn from Thomas (1933, fig. 
1, pl. 26, fig. 56); x2.5.—F. Corystosperm ovule based on Thomas (1933, fig. 33c); x4.—G. Rhexoxylon, 
transverse section of stem, based on Archangelsky and Brett (1961, fig. 2A); x0.5.—H. Pollen of Pteruchus 
africanus, redrawn from Townrow (196 2a, fig. 10F); x 600.—I. P. africanus, based on Townrow (1962a, fig. 1A- 
D); x2.5. 
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1982; Stewart, 1983). The primary xylem con- 
tains tracheids with spiral thickenings or sca- 
lariform pitting. The secondary xylem segments 
were pycnoxylic, although some axial paren- 
chyma occurred. The tracheids had uniseriate to 
triseriate, circular bordered pits on the radial 
walls. The rays were uniseriate (Archangelsky & 
Brett, 1961). 

Corystosperm leaves have been referred to a 
variety of genera, including Dicroidium (Fig. 
18D), Xylopteris, and Pachypteris (Townrow, 
1965). The leaf rachis was generally forked, with 
a simple or bipinnate arrangement of pinnae (Re- 
tallack, 1977: 255; Townrow, 1965). Stomata 
were anomocytic. 

Megasporophylls were dorsiventrally orga- 
nized and branched in a single plane (Fig. 18E). 
They consisted of a main axis with irregularly 
positioned lateral “branches” bearing several re- 
curved ‘“‘cupules.” Thomas (1933) described 
“bracts” and pairs of ‘“‘bracteoles’” on these 
structures, and he therefore interpreted them as 
fertile branches. However, a similar interpreta- 
tion of the microsporangiate organs was not sup- 
ported by Townrow (1962a), who showed the 
“bracts” to be sterile pinnules. The “‘cupule’’- 
bearing structures never have been reinvestigat- 
ed but are interpreted here as megasporophylls. 
It is not known how they were attached to the 
stem. 

The megasporophylls were highly variable, and 
Thomas (1933) recognized three genera, based 
on branching pattern, the form of the “‘cupule,”’ 
and the presence or absence of cupular hairs. In 
Umkomasia the “cupules” were divided into two 
lobes by clefts in the plane of branching, and 
lacked hairs or hair bases on the inner surface. 
Pilophorosperma had “cupules” with a single cleft 
and their inner surface covered by hairs. Sper- 
matocodon had “cupules” with no conspicuous 
clefts, which lacked hairs on the inner surface. 
In all three genera each “‘cupule” contained a 
single ovule. Other subsequently described co- 
rystosperm “*cupules” (e.g., Karibacarpon, La- 
cey, 1976; Holmes & Ash, 1979) also contain a 
single ovule. 

The ovules were flat (Fig. 18F), and although 
their vasculature is unknown, they had files of 
small rectangular cells arranged in longitudinal 
rows along their two margins (Thomas, 1933: 
229). At their apex the ovules had two elongated 
micropylar lobes that were curved to one side in 
the primary plane. The curved micropylar tube 
was oriented away from the cupule stalk. De- 
tailed observations on the seed membranes of 
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corystosperms still are needed, but Thomas 
(1933: 228) noted “a well cutinized testa” and 
an “exceedingly delicate inner membrane.” The 
ovules are assumed to have been unitegmic, and 
the megaspore membrane probably was not well 
developed. 

Microsporophylls (Pteruchus, Fig. 181) were 
branched irregularly and bore groups of pendu- 
lous pollen sacs on expanded distal laminae. The 
“branches” (rachises, Townrow, 1962a) were at- 
tached either in a single plane (Townrow, 1962a) 
or spirally (Pant & Basu, 1973, 1979; Srivastava, 
1974; Thomas, 1933). It is not known how the 
main axis was attached to the plant. Townrow 
(1962a) emphasized the leaf-like nature of Pte- 
ruchus, and it is interpreted here as a micros- 
porophyll. Pollen sacs were ellipsoidal, uniloc- 
ular, and dehisced along a single suture. Pollen 
was bisaccate (Fig. 18H), with a single distal sul- 
cus, and very similar to that produced by Cayto- 
nanthus (Townrow, 1962b). The pollen wall was 
granular (Crepet & Zavada, pers. comm.; see also 
Taylor et al., 1984). Pollen has been described 
in the micropyle of one of the South African 
ovules (Thomas, 1933). 

The microsporophyll Pteroma thomasii Har- 
ris (Fig. 18B, C) from the Middle Jurassic of 
Yorkshire also is included in the Corystosper- 
maceae by Townrow (1965). On the basis of as- 
sociation and some similarity in cuticle, it is 
thought to be part of the Pachypteris papillosa 
plant (Harris, 1964). Preroma is a pinnate struc- 
ture with oval or round fertile laminae with a 
ring of microsporangia embedded in their un- 
dersurface. The microsporangia were unilocular, 
dehisced by a single longitudinal slit and pro- 
duced bisaccate pollen. 

Nothing is known of the male or female ga- 
metophyte, or embryo of corystosperms. 


PENTOXYLON 


Knowledge of the Pentoxylon plant is based 
mainly on silicified material from the Jurassic of 
the Rajmahal Hills, India. Sahni (1948) gave the 
most detailed account and linked the ovulate 
heads (Carnoconites) with the stem (Pentoxylon, 
Fig. 19D) and the leaves (Nipaniophyllum, Fig. 
19C) on the basis of association evidence and 
structural similarity. Microsporangiate organs 
(Sahnia, Fig. 19E) were described subsequently 
by Vishnu-Mittre (1953), and knowledge of the 
Pentoxylon plant was reviewed by Rao (1976, 
1981). The other published reports of Pentoxy- 
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Ficure 19. Morphology of Pentoxylon plants.—A. Carnoconites cranwelliae, ovulate heads, based on Harris 
(1962, text-fig. 2B, fig. 1); x 2.5.—B. Carnoconites, longitudinal section through ovule, based on Sahni (1948, 
fig. 21); x10.—C. Nipaniophyllum raoi, redrawn from Sahni (1948, fig. 34a, b); x1.—D. Pentoxylon sahnii, 
transverse section of stem showing vascular strands, based on Sahni (1948, fig. 9); x8.—E. Sahnia microspo- 
rangiate “flower,” based on Vishnu-Mittre (1953, fig. 11) and Bose et al. (in press); x 2.5. 


lon are based on ovulate heads (Fig. 19A) and 
leaves preserved as compressions from the up- 
permost Jurassic or lowermost Cretaceous of New 
Zealand (Harris, 1962, 1983b) and a variety of 
different organs in the early Cretaceous of Vic- 


toria (Drinnan & Chambers, 1985), New South 
Wales (White, 1981), and Queensland, Australia 
(Turner, pers. comm.). The description given be- 
low and used in the phylogenetic analysis is based 
on both the silicified and compression material. 
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The stem (Pentoxylon) was differentiated into 
long and short shoots, both with helically ar- 
ranged leaf-cushions showing leaf scars. In trans- 
verse section the stem typically had five vascular 
segments, but as in medullosans this is inter- 
preted as a modification of a fundamentally eu- 
stelic arrangement (Beck et al., 1982: 749; Stew- 
art, 1976). The secondary xylem was pycnoxylic 
with uniseriate rays and no axial parenchyma. 
Secondary xylem tracheids had uniseriate or bi- 
seriate circular bordered pits on their radial walls, 
although scalariform pitting has been reported 
in the microsporangiate structures and short 
shoots of Sahnia (Vishnu-Mittre, 1953). Leaf- 
traces arose in pairs, one from each of two ad- 
Jacent vascular segments (Stewart, 1976). The 
leaves (Nipaniophyllum) were simple, strap- 
shaped, and of the taeniopterid-type, with a mid- 
rib and numerous pinnate veins. Stomata were 
originally described as “fundamentally Bennet- 
titalean” (Sahni, 1948: 56), but many are ap- 
parently anomocytic, and the morphology and 
ontogeny of the stomata require detailed reex- 
amination (Rao, 1976). 

The ovules were sessile, orthotropous, heli- 
cally arranged, and aggregated into compact ovoid 
(Carnoconites compactum, C. cranwelliae) or 
elongated heads (C. laxum). Each head of C. 
compactum consisted of about 20 ovules, but 
there were more in C. cranwelliae and C. laxum. 
No bracts or other structures were associated with 
these heads, nor were there interseminal scales 
as in Bennettitales. The ovulate heads were borne 
terminally on short shoots. In the Indian mate- 
rial a single pedicel produced several branches, 
each of which bore a single ovulate head. In the 
New Zealand material (C. cranwelliae) 12 sep- 
arate pedicels arose from the same point in an 
umbel-like arrangement, and each bore a single 
ovulate head. 

Ovules of Carnoconites compactum were flat- 
tened, with two integuments that were free from 
the nucellus except at the chalaza. The sclerotesta 
was bicarinate and distinctly flattened in trans- 
verse section. Immediately surrounding the 
sclerotesta was a distinct layer of dark cells. The 
remaining outer part of the “integument” formed 
a thick, fleshy “‘sarcotesta’”’ interpreted here as 
an outer integument and probable “cupule” 
homologue (see character 9.19). Each ovule was 
supplied by a single vascular bundle that pene- 
trated the sclerotesta at the chalazal end; no other 
vascular tissue has been reported in the ovules. 
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The ovule cuticles of C. compactum and C. lax- 
um are unknown, but in C. cranwelliae the sar- 
cotesta had a thick outer cuticle. The inner cuticle 
of the integument was delicate but the nucellar 
cuticle was robust. There was no megaspore 
membrane preserved. 

The microsporophylls (Sahnia) were borne in 
a whorl, or low helix, forming a “flower” around 
a broad, conical, sterile receptacle. They were 
surrounded themselves by deciduous bracts. Ac- 
cording to Vishnu-Mittre (1953), the microspo- 
rophylls were fused proximally to form a shallow 
cup, but according to Rao (1981), they were free 
at the base. The microsporophylls were numer- 
ous, and each bore ten to 20 spirally arranged, 
stalked unilocular sporangia. The sporangia were 
borne singly or in groups of two or four. Each 
sporangium was pyriform and thick-walled, with 
monosulcate non-saccate pollen. Pollen wall 
stratification was probably granular (Taylor & 
Crane, in progress). 

Monosulcate pollen has been described in the 
micropyles of Carnoconites ovules. Germination 
was apparently distal. Nothing is known of the 
male gametophyte, and Sahni (1948: 46) de- 
scribes one poorly preserved specimen with what 
may be the remains of megagametophyte tissue. 
No well-preserved embryos have been described, 
although Harris (1962) mentions a flat, cutinized 
plate in C. cranwelliae seeds, which he tenta- 
tively interpreted as the remains of the “aleurone 
layer” of the “endosperm.” 


BENNETTITALES 


An outline cladogram of the Benettitales al- 
ready has been presented (Fig. 12). Knowledge 
of other characters is very uneven, and in this 
section a general description of the Bennettitales 
is synthesized from features preserved in the dif- 
ferent taxa. 

The Bennettitales exhibited considerable di- 
versity in habit ranging from unbranched pachy- 
caul forms (Cycadeoidea, Monanthesia) to forms 
that were more slender and highly branched (De- 
levoryas, 1975; Ischnophyton, Delevoryas & 
Hope, 1976; Williamsonia leckenbyi plant, Har- 
ris, 1969). The anatomy of highly branched forms 
is unknown, but in pachycaul plants there was a 
large pith and a single broad ring of vascular 
tissue. The primary vasculature was eustelic, and 
a bifacial cambium produced both secondary xy- 
lem and secondary phloem. The wood was dis- 
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sected into numerous segments by broad rays, 
but individual segments were pycnoxylic with 
only uniseriate or biseriate rays. Tracheidal pit- 
ting was highly variable (Bose, 1953) ranging from 
multiseriate circular bordered pits to scalariform 
pitting (Sahni, 1932a). Leaf-traces pass directly 
into the leaf and do not girdle the stem as in 
cycads (Crepet, 1974: 178). Axillary branching 
isknown to have occurred. Leaves generally were 
pinnate (see character 6.10) although there was 
some variation (Ash, 1975), and in Eoginkgoites 
there were several pairs of pinnae at the apex of 
the petiole giving a pseudopalmate arrangement 
(Ash, 1976, 1977). Stomata were paracytic, with 
distinctive cuticular thickenings (see character 
6.2). 

Ovules were grouped into “flower-like” heads, 
generally with surrounding bracts forming a 
“perianth” (but see Vardekloeftia, character 6.5). 
The ovules were small, generally less than 7 mm 
long, and frequently only 1-2 mm. Ovules were 
radially symmetrical (although flattened in Var- 
dekloeftia and Bennetticarpus wettsteinii), with 
two integuments that were free from the nucellus 
except at the chalaza (see p. 764). Frequently the 
nucellus was borne on a long stalk. Each ovule 
was supplied by a single vascular trace that ran 
to the base of the nucellus, but no other vascu- 
lature is known in the integument. Distally the 
integument was elongated into a long micropylar 
tube, and at maturity the integument was differ- 
entiated into four layers (Crepet, 1974: 157). The 
megaspore membrane was thin or not acid-re- 
sistant, but the cuticle of the nucellus and inner 
surface of the integument was well cutinized 
(Harris, 1954, 1969). The ovules were not in- 
dividually subtended by any other organs but are 
surrounded by numerous sterile interseminal 
scales that develop from primordia of bitegmic 
ovules (see character 6.1). The interseminal scales 
generally have a single vascular bundle. 

Microsporophylls were aggregated into “flow- 
er-like” heads surrounded by a “perianth” of 
bracts. The microsporangia are borne in various 
ways, but most of those known are aggregated 
into bivalved synangia (character 6.4). Pollen is 
monosulcate, boat-shaped, and more or less 
smooth-walled. The pollen wall is granular (Cy- 
cadeoidea, Crepet, pers. comm.; Taylor, 1973). 

The multicellular male gametophytes reported 
by Wieland (1906) are now interpreted as inter- 
nal folds in the pollen wall (Taylor, 1973). The 
female gametophyte apparently was monosporic, 
developing from the innermost of a linear tetrad 
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of megaspores (Cycadeoidea, Crepet & Delevor- 
yas, 1972). Little is known of the subsequent 
development in Cycadeoidea, but according to 
Sharma (1974), in Williamsonia free nuclear di- 
visions were followed by cellularization begin- 
ning at the micropylar end and proceeding to- 
ward the base. Cellular dicotyledonous embryos 
are known in Cycadeoidea (Crepet, 1974; Wie- 
land, 1906, 1916). 


GNETALES 


A cladogram for the Gnetales has been pre- 
sented already (Fig. 4). Only a general description 
of the Gnetales is given here as a basis for as- 
sessing their relationship with other seed plants. 

The stelar morphology of Gnetum and Wel- 
witschia is poorly known, but in Ephedra the 
primary vasculature is a eustele (Beck et al., 1982: 
757-759). In Ephedra there is a single ring of 
vascular bundles with secondary xylem and 
phloem, but in Gnetum and Welwitschia there 
may be several concentric rings. The secondary 
xylem tissue consists of tracheids with circular 
bordered pits, vessels, and axial parenchyma. 
Axillary branching occurs in all genera, but leaf 
morphology is variable, ranging from the retic- 
ulate veined leaves of Gnetum to the strap-shaped 
parallel veined leaves of Welwitschia, and the 
scale-like or needle-like leaves of Ephedra. 

The morphology and arrangement of the ovu- 
late and microsporangiate reproductive struc- 
tures of the Gnetales have been discussed al- 
ready. The ovules generally are small, and the 
innermost layer of the various ovular coverings 
generally is regarded as a single integument. It is 
“fused” with the nucellus for about half its length. 
Apically the integument forms an elongated mi- 
cropylar tube. The ovules of Gnetum and Wel- 
witschia are not obviously flattened, although in 
Welwitschia there are a pair of minute lateral 
flaps at the base of the non-functional ovule in 
the microsporangiate flower. In some species of 
Ephedra (e.g., E. distachya) the integument orig- 
inates from a pair of dorsiventral primordia 
(Martens, 1971, fig. 24.4, 24.5), and at maturity 
there are two integumentary vascular bundles 
(Eames, 1952: 87). In some species of Ephedra, 
therefore, the ovules appear to be platyspermic, 
but the orientation of the primary plane is at 90° 
to the bract unlike the situation occurring in co- 
nifers. The acid-resistant megaspore membrane 
of mature seeds in the Gnetales is either ex- 
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tremely thin (about 1 um) as in Welwitschia and 
Ephedra or lacking altogether in Gnetum (Erdt- 
man, 1965; Thomson, 1905). 

The microsporangiate structures of Welwitsch- 
ia and some species of Ephedra are arranged in 
a whorl, although in Gnetum the microsporangia 
are borne on a solid structure (character 1.7). 
Gnetalean pollen has already been described 
(character 1.5), and the evidence currently avail- 
able (Van Campo & Lugardon, 1973) suggests 
that the exine is comprised of a tectum, a gran- 
ular interstitium, and a thick, laminated inner 
layer. Microgametophyte development (charac- 
ter 1.1) and megagametophyte development 
(characters 1.2, 1.3) in the Gnetales have already 
been described. Embryogenesis varies in the three 
genera. In Ephedra there is a short free nuclear 
phase, but in Welwitschia embryogenesis is com- 
pletely cellular. In Gnetum there are reports of 
both a free nuclear phase and completely cellular 
embryogenesis (Martens, 1971: 265). 


ANGIOSPERMS 


Most estimates place the total number of an- 
giosperm species at around 250,000-300,000. 
This enormous number, coupled with extreme 
morphological diversity and inadequate com- 
parative knowledge, makes the angiosperms ex- 
tremely difficult to deal with as a group in a broad 
cladistic analysis such as this (Hill & Crane, 1982). 
Although it is widely accepted that the Magno- 
liidae and some monocotyledons have retained 
a relatively large number of primitive characters, 
they are still an extremely heterogeneous assem- 
blage within which it is difficult to come to def- 
inite conclusions concerning likely plesiomor- 
phic features. This difficulty is well illustrated by 
the argument over whether the angiosperms are 
primitively vesselless (Young, 1981). In the case 
of the few higher dicotyledons that lack vessels, 
this can be reasonably hypothesized as secondary 
loss, but in the case of vesselless magnoliid plants, 
this is much more problematic. The issue can 
only be resolved by a well corroborated phylo- 
genetic analysis of relationships within the prim- 
itive angiosperms (Riggins & Farris, 1983). Until 
such a phylogenetic hypothesis is available for 
primitive flowering plants, the analysis provided 
here can only be regarded as preliminary. Char- 
acters of flowering plants are considered indi- 
vidually as part of the character discussion given 
below. 
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PHYLOGENETIC RELATIONSHIPS OF EXTANT 
AND FOSSIL GYMNOSPERMS 


ANALYSIS OF CHARACTERS 


9.1 Eustele. Beck et al. (1982: 701) define a 
eustele as “a stele with a hollow cylinder or tu- 
bular mass of tissue (i.e., with or without defin- 
able pith) and with discrete sympodia usually 
either as a discontinuous cylinder or in a scat- 
tered and dispersed arrangement.” This kind of 
stele occurs in Archaeopteris and most seed plants 
and contrasts with the protosteles or siphono- 
steles typical of pteridophytes, including the 
aneurophytalean progymnosperms (Beck et al., 
1982: 726). Fossil taxa with unknown stem anat- 
omy (peltasperms, Caytonia) are assumed for 
present purposes to have had a eustele. The an- 
giosperms too are interpreted here as fundamen- 
tally eustelic although this has been disputed by 
Tomlinson (1984) particularly for the monocot- 
yledons. A few seeds plants, however, are pro- 
tostelic, particularly among the “‘lyginopterid seed 
ferns” (e.g., Heterangium, Microspermopteris, 
Tetrastichia, Taylor, 1981a). Out-group com- 
parison with all pteridophytes, except Archaeop- 
teris, suggests that this may be the primitive con- 
dition for seed plants as a whole. On this basis 
Quaestora probably exhibits the primitive med- 
ullosan condition, the “polystelic’’ eustele hav- 
ing evolved within the group. The medullosans 
are therefore treated as protostelic in this anal- 
ysis. 

9.2 Embryogenesis with a free nuclear 
phase. In extant bryophytes and pteridophytes 
all of the divisions of the zygote following fer- 
tilization involve the formation of cell walls 
(Sporne, 1970). Embryogenesis is cellular 
throughout. In embryos of extant cycads and 
Ginkgo a coenocytic phase with 250 or more 
nuclei may be produced before cellularization 
occurs. In Ephedra and most conifers there is a 
short free nuclear phase of approximately three 
zygotic divisions. The presence of a free nuclear 
phase in embryogenesis is interpreted (Hill & 
Crane, 1982) as a specialized feature of seed plants 
by out-group comparison with pteridophytes. In 
Welwitschia and angiosperms (Martens, 1971: 
265) embryogenesis is cellular throughout. In 
Gnetum whether early embryogenesis is cellular 
or has a free nuclear phase is uncertain (Martens, 
1971: 265). The primitive condition is assumed 
in this analysis. A few conifers have wholly cel- 
lular embryogenesis (e.g., Sequoia, Martens, 1971: 
265), but these taxa are specialized within the 
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conifer clade (Miller, 1982). I interpret this fea- 
ture as a secondary advance within the group. 
As Chamberlain (1935: 342) suggested, there may 
be a correlation in seed plants between egg-cell 
size and the duration of the free nuclear phase. 
Embryogenesis for all fossil seed plants consid- 
ered is unknown but is treated here as having 
involved a free nuclear phase. In Archaeopteris, 
however, in line with other presumed pterido- 
phytic aspects of its reproductive biology (Pettitt, 
1970), I have treated embryogenesis as being cel- 
lular throughout. 

9.3 Single functional megaspore mother-cell 
per megasporangium. With the exception of 
Archaeopteris the megasporangium in all of the 
taxa considered here produces one functional 
megaspore mother-cell. In all seed plants except 
Gnetum, Welwitschia, and a few angiosperms 
(character 9.28) one functional megaspore is sub- 
sequently formed, and the remaining three mega- 
spores abort. Under this interpretation the fe- 
male gametophyte develops entirely within the 
megaspore, and the tissues of the megasporan- 
gium are regarded as homologous with the nu- 
cellus. In heterosporous species of Archaeopteris 
and most heterosporous pteridophytes (e.g., Se- 
laginella) more than one megaspore is produced 
in each megasporangium. A few pteridophytes 
such as the extant fern Marsilea, the fossil lep- 
idodendroid genera Achlamydocarpon and Lep- 
idocarpon, the probable herbaceous Pennsylva- 
nian lycopod Miadesmia, and the fossil 
sphenopsid Calamocarpon also have a single 
functional megaspore per megasporangium, but 
the distribution of other characters (not analyzed 
here) indicates that these are not homologous 
with the seed plant situation. This is the widely 
accepted view (Stewart, 1983). 

9.4 Integument. All of the taxa considered 
in this analysis except Archaeopteris have the 
megasporangium (nucellus) surrounded by an in- 
tegument. This feature has been given various 
interpretations in different groups of seed plants 
(see characters 9.7, 9.19), but no comparable 
structure occurs in extant pteridophytes. Enclo- 
sure of the megasporangium in the fossil lyco- 
pods Lepidocarpon and Miadesmia is achieved 
by lateral extensions of the megasporophyll that 
extend around the equator of the megaspore. This 
is not homologous with the situation in seed plants 
(Stewart, 1983) where enclosure has apparently 
occurred along the polar axis of the megaspore. 

9.5 Micropyle. All seed plants considered in 
this study have a clearly defined micropyle, and 
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although the integument may have a pair of lat- 
eral “horns” (e.g., conifers, Ginkgo) or be elon- 
gated to form a long micropylar tube (e.g., corys- 
tosperms, Bennettitales, Gnetales), it is never 
deeply lobed around the micropyle as in early 
seed plants such as Archaeosperma (Pettitt & 
Beck, 1968; Pettitt, 1970). I interpret the unlobed 
micropyle as a derived feature that unites all the 
seed plants considered in this study (see also 
Stewart, 1983). Archaeosperma, the early seeds 
described by Gillespie et al. (1981), Genomosper- 
ma kidstonii, and G. latens (Long, 1959) all have 
a poorly differentiated micropyle that I interpret 
as the primitive condition. The lobed micropyle 
of some angiosperms (e.g., Hernandia) is clearly 
not homologous with the condition in early seed 
plants. 

9.6 Linear tetrad of megaspores. Meiosis of 
the megaspore mother-cell in all extant seed plants 
produces a linear tetrad of megaspores of which 
only the inner develops, or female gametophyte 
development is tetrasporic (Gnetum, Welwitsch- 
ia, and a few angiosperms, character 9.28). Most 
angiosperms produce a linear tetrad (Sporne, 
1974: 162). In the fossil taxa considered in this 
study probable linear tetrads of megaspores have 
been described only in Cycadeoidea (Crepet, 
1974: Crepet & Delevoryas, 1972), but the ab- 
sence of haptotypic markings on the megaspores 
of all other taxa where this has been examined 
suggests that they also may have been produced 
in linear tetrads. Comparison of Lyginopteris with 
other “‘lyginopterid seed ferns” suggests that the 
megaspores may have developed from a tetra- 
hedral tetrad. By out-group comparison with 
megaspores of pteridophytes and early seed plants 
(e.g., Archaeosperma, Chaloner & Pettitt, 1964; 
Pettitt, 1970) I interpret Lagenostoma (Lyginop- 
teris) as primitive in this character. 

9.7 Double vascular supply to ovules. Cycads 
and medullosans both have large ovules, which 
are supplied by a radially arranged double vas- 
cular system. The outer ring of bundles supplies 
the sarcotesta. In medullosans, the nucellus and 
integument are free except at the chalaza, and 
the inner ring of bundles supplies the nucellus; 
but in cycads where the nucellus is “fused” to 
the integument for most of its length, it is rarely 
clear whether the inner bundles are in nucellar 
or integumentary tissue. This double vascular 
supply to the ovules is not known to occur in 
any of the other taxa considered in this study. 

Rodin and Kapil (1969) have compared the 
ovule vasculature of Gnetum with that of Pachy- 
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testa, but under the interpretation given here 
(character 9.33) only the inner envelope ofa Gne- 
tum ovule is a true integument, and therefore the 
two outer layers do not have homologues in cy- 
cads or medullosans. In Lagenostoma (Lyginop- 
teris) there is a unitegmic ovule with a radial 
vascular supply inside a vascularized cupule. It 
has been suggested (Sporne, 1971a: 61; Wordsell, 
1906) that this cupule may be homologous with 
the integument of cycads and medullosans and 
that their inner vascular system represents the 
remains of an “inner” integument. However, the 
“inner” integument of Lagenostoma is differ- 
entiated into a sarcotesta, a sclerotesta, and en- 
dotesta as in most gymnosperm seeds, including 
those of cycads and medullosans. There is no 
evidence in cycads and medullosans, other than 
the vasculature, for an additional tissue layer in 
the integument, and the “double integument” 
interpretation is not accepted in this paper (see 
also Stewart, 1983). Similarly the pad of vascular 
tissue at the base of Cardiocarpus and Mitro- 
spermum ovules is not taken to indicate the for- 
mer presence of an “inner integument” (Gra- 
ham, 1935). In peltasperms and corystosperms 
ovule vasculature is unknown but assumed not 
to have been double as in cycads and medullo- 
sans. 

Only the inner integument of angiosperms is 
interpreted in this study as homologous to the 
integument of other seed plants (character 9.19). 
Very few angiosperms have a vascularized inner 
integument (Sporne, 1974: 154), and I know of 
none in which a double vascular system has been 
described. 

9.8 Axillary branching. Despite intensive 
study of anatomically preserved material, axil- 
lary branching has not been reported in progym- 
nosperms. Axillary branching has also never been 
demonstrated in extant cycads (p. 744). In all 
other plants considered in this study axillary 
branching is either known or is assumed (pel- 
tasperms, corystosperms) to have been present. 

9.9 Saccate pollen. Saccate pollen or pre- 
pollen is generally regarded as the primitive con- 
dition in conifers and cordaites, but also occurs 
in Callistophyton, glossopterids, Caytonia, and 
corystosperms. Saccate pollen is interpreted as a 
relatively specialized feature within seed plants, 
although it should be noted that saccate spores 
occur in some aneurophytalean progymno- 
sperms (e.g., Rellimia, Tetraxylopteris; Bonamo, 
1977; Bonamo & Banks, 1967; Leclerq & Bona- 
mo, 1971; Scheckler & Banks, 1971) and Penn- 
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sylvanian lycopods (Kosanke, 1969; Pigg & 
Rothwell, 1983). Saccate pollen reported in med- 
ullosans (Parasporites in Parasporotheca Dennis 
& Eggert, 1978) is treated here as specialized 
within that group. 

9.10 Flattened ovules. Flattened ovules with 
one or two planes of symmetry occur in conifers, 
cordaites, Callistophyton, and all of the “Me- 
sozoic seed ferns” (peltasperms, glossopterids, 
Caytonia, corystosperms, Pentoxylon). Flat- 
tened ovules also occur in some lyginopterid seed 
ferns (not Lagenostoma) that are too poorly 
known to evaluate their relationships further (e.g., 
Lyrasperma, Long, 1960). In cordaites, conifers, 
Callistophyton, Caytonia, and Ephedra there are 
two vascular bundles in the primary plane that 
run in the sarcotesta for most of their length, but 
in Ginkgo the bundles run within the endotesta. 
In the Bennettitales the ovules are small, with 
no integumentary vascular tissue, and are gen- 
erally regarded as radiospermic. However, in the 
primitive bennettitalean genus Vardekloeftia 
(Figs. 9B, C, 12) and in the Upper Triassic Ben- 
netticarpus wettsteinii (Krausel, 1949), the ovules 
are relatively large (7-10 mm long) and flattened. 
More detailed examinations of the ovules in 
primitive Bennettitales are required, but here I 
interpret this platyspermy as primitive for the 
Bennettitales on the basis that the ovules resem- 
ble those of Mesozoic seed ferns, Callistophyton, 
cordaites, and other groups mentioned above. 
The integument of Gnetum (“endotesta” of Ro- 
din & Kapil, 1969) has a well-developed radial 
vascular system; and Welwitschia ovules are un- 
vascularized and radiospermic. 

The bitegmic ovules of many angiosperms are 
bilaterally symmetrical and anatropous. How- 
ever, if the interpretations accepted in this paper 
are correct (character 9.19), then this is homol- 
ogous to a flattened recurved “cupule” contain- 
ing a single unitegmic ovule. A comparable sit- 
uation occurs in the corystosperms, and in this 
group the primary plane of the ovule is aligned 
in the same plane as the “cupule” stalk. Although 
many bitegmic ovules of angiosperms could be 
flattened “cupules,” each containing a flattened 
seed, there is no convincing evidence that the 
nucellus and inner integument of angiosperm 
ovules are fundamentally platyspermic. 

9.11 Megaphyllous leaves organized on a pin- 
nate plan. Megaphyllous pinnately organized 
leaves occur in all taxa considered except Ar- 
chaeopteris, cordaites, conifers, Ginkgo, Wel- 
witschia, and Ephedra. In these taxa leaf vena- 
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tion is either univeined, dichotomous and 
diverging, or dichotomous and basically parallel. 
Although reticulations do occur they are not well 
developed. In angiosperms the parallel or di- 
chotomously veined leaves of Kingdonia, Cir- 
caeaster, and many monocotyledons (Foster & 
Gifford, 1974) are interpreted as secondary ad- 
vances within the angiosperm clade. Megaphyl- 
lous leaves are not known to occur in progym- 
nosperms. 

9.12 Narrowly triangular awl-shaped leaves. 
This feature already has been discussed in rela- 
tion to conifers (character 3.1). The triangular 
leaves in Ephedra and a few, presumably de- 
rived, angiosperms are only superficially like 
those of conifers, but in Cordaixylon, Mesoxy- 
lon, Lyginopteris, and Callistophyton scale-like 
leaves similar to those of conifers are occasion- 
ally produced on proximal parts of branches and 
associated with axillary buds (Rothwell, 1982a). 
These heteroblastic leaf series may be important 
in the origin of conifer foliage (Rothwell, 1982a), 
but in this analysis the consistent production of 
narrowly triangular awl-shaped leaves only oc- 
curs in Lebachia and extant conifers. 

9.13 Megasporophylls borne on short fertile 
shoots in the axil ofa bract or leaf. This feature 
already has been discussed in relation to conifers 
(character 3.3). The megasporophylls of conifers, 
cordaites, and Ginkgo are all borne on fertile 
shoots in the axil of a bract or leaf. In the Gne- 
tales the ovules are terminal. In peltasperms, 
Caytonia, and corystosperms it is not known how 
the megasporophylls were attached to the plant, 
but from their morphology it is unlikely that they 
were borne in a manner homologous with that 
of cordaites and conifers, and the unspecialized 
condition is assumed. In glossopterids (character 
4.2) the megasporophylls were adnate to a sub- 
tending leaf or bract, but the morphological sit- 
uation and homologies are unclear. 

The interpretation of this character in flow- 
ering plants is dependent on whether the angio- 
sperm carpel is regarded as a modified simple 
megasporophyll (e.g., Doyle, 1978) or a com- 
pound structure formed from a fertile branch in 
the axil of a subtending leaf or bract (e.g., Steb- 
bins, 1974). This paper adopts the former inter- 
pretation (character 9.34). In some angiosperms 
(e.g., “Amentiferae,” Chloranthaceae) the car- 
_ pels are borne in the axil of a bract or leaf, but 
this is generally regarded as a secondary advance 
within the angiosperm clade (Walker & Walker, 
1984). 
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9.14 Fertile axillary ovulate shoots aggregat- 
ed into an “inflorescence.” The fertile axillary 
ovulate shoots of cordaites and conifers are ag- 
gregated into an “inflorescence,” but in Ginkgo 
the fertile axillary shoot is single in the axil of a 
leaf. The situation in cordaites and conifers is 
not known to occur in other seed plants consid- 
ered in this study. The relationships of the enig- 
matic Southern Hemisphere conifers Buriadia 
and Walkomieila, and the possibility that they 
represent “the coneless ancestors of Lebachia- 
like conifers” (Pant, 1977b: 31) is not examined 
in this paper, although it is of interest to note 
that they may post-date Lebachia in the fossil 
record (Rothwell, 1982a; Pant, 1977b). 

9.15 Pollen with distal germinal aper- 
ture. Pollen with a distal aperture (and there- 
fore, presumably, distal germination) occurs in 
all of the seed plants considered here, with the 
exception of medullosans, Lyginopteris, and 
Mesoxylon, where the aperture is proximal (pre- 
pollen; Schopf, 1938; Chaloner, 1970a). Out- 
group comparison with pteridophytes suggests 
that distal germination is a derived feature. The 
pollen of Lebachia (Potonieisporites) has a prox- 
imal monolete suture but also frequently has two 
curved folds in the exine of the distal surface 
(Scott & Chaloner, 1983). However, material de- 
scribed by Mapes and Rothwell (1984) suggests 
that germination in Potonieisporites was proxi- 
mal. In the Gnetales the distal aperture of Wel- 
witschia is accepted as the primitive condition 
in the group relative to the inaperturate grains 
of Ephedra and Gnetum (character 1.5). 

Although a few angiosperms have a proximal 
germinal aperture (Walker, 1974b), distal ger- 
mination is widely considered to be primitive in 
the group (Chaloner, 1970a; Doyle, 1978; Walk- 
er, 1974b), equatorial germination being a sub- 
sequent development within the clade (Doyle, 
1978). 

9.16 Cordaites foliage. The characteristical- 
ly strap-shaped foliage of Cordaites is known at- 
tached to Cordaixylon dumusum (Rothwell & 
Warner, 1984) and Mesoxylon priapi (Trivett & 
Rothwell, 1985). The leaves have dichotomous, 
more or less parallel veins and a characteristic 
internal anatomy with well-developed longitu- 
dinal fibrous ribs (Harms & Leisman, 1961). The 
leaves of Welwitschia are superficially similar but 
grow continuously from a basal meristem, and 
have much less well-developed sclerotic tissue 
(Martens, 1971: 94). 

9.17 Primary axis of ovulate and microspo- 
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rangiate “inflorescences” dorsiventrally flattened 
with bracts and fertile shoots four-ranked. This 
character occurs only in Cordaixylon and Me- 
soxylon among the taxa studied. 

9.18 Siphonogamy. Zooidogamy occurs in 
extant cycads and Ginkgo. All spores of living 
plants with proximal germination produce mo- 
tile gametes (bryophytes, pteridophytes). This is 
the basis for inferring zooidogamy in those fossil 
taxa with proximal germinal apertures in their 
pollen (medullosans, Lyginopteris, Mesoxylon, 
Lebachia). Callistophyton is known to have pro- 
duced a distal pollen tube, which was probably 
involved in gamete transfer. In this analysis all 
other fossil plants with distal germinal apertures 
in the pollen are scored uniformly as plesio- 
morphic in this feature. 

9.19 Ovules borne in a “cupule.” The ovules 
of glossopterids, Caytonia, and corystosperms 
are enclosed or partly enclosed by the mega- 
sporophyll lamina to form a “cupule.” These 
Permian and Mesozoic “cupules” have frequent- 
ly been compared, or considered homologous, to 
the cupules of Upper Devonian, Mississipppian 
and Pennsylvanian seed ferns, such as Archaeo- 
sperma and Lyginopteris (Thomas, 1933, 1955; 
Townrow, 1960). Morphologically, however, 
there are at least two different kinds of structure. 
The cupules of Lyginopteris and other early pte- 
ridosperms are axially organized with respect to 
the long axis of the ovules they enclose. The stalk 
is axially attached and the construction of the 
cupule may reflect an origin either from sterile 
axes (“‘telomes”’) or the ultimate segments of a 
deeply divided leaf (e.g., Archaeopteris). In glos- 
sopterids, Caytonia, and corystosperms, the stalk 
of the cupule is lateral with respect to the long 
axis of the enclosed ovules. This lateral arrange- 
ment is most easily interpreted as reflecting an 
origin from modified pinnae or pinnules, such 
as those of Autunia, which have become rolled 
or expanded in various ways to form “‘cupular”’ 
pouches. Doyle (1978: 383) expressed a similar 
view that the “cupules” of Permian and Meso- 
zoic seed ferns are more easily explained as “‘leaf- 
lets modified by various degrees of circinnate 
enrollment than as direct homologues of the bell- 
shaped cupules of lyginopterids.” 

According to the interpretation of “cupules” 
in Caytonia, corystosperms, and Glossopteris 
given above, the bitegmic ovule of angiosperms 
may be interpreted as a uniovulate “‘cupule.”’ The 
idea that the outer integument in a bitegmic an- 
giosperm ovule is homologous to the “‘cupule” 
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of “Mesozoic seed ferns” has been advocated by 
numerous authors (Doyle, 1978; Stebbins, 1974; 
Stewart, 1983). This view is supported by the 
recurved ‘“‘anatropous” arrangement of the “‘cu- 
pule” in Caytonia and corystosperms, the zig- 
zag micropyle of many bitegmic angiosperm 
ovules, and evidence that the funicle, chalaza, 
and outer integument are part of a single devel- 
opmental unit (Bor, 1978), while the inner in- 
tegument and nucellus are part of another. The 
complex net-like vasculature of the outer integ- 
ument of many angiosperm ovules is a further 
similarity with the “cupules” of “Mesozoic seed 
ferns.” The homology of the “cupules” of Cay- 
tonia and corystosperms with angiosperms is ac- 
cepted in this paper as providing the most 
straightforward explanation of the second integ- 
ument that does not require a de novo origin (cf. 
Long, 1966). Unitegmic ovules occur in rela- 
tively specialized flowering plants and are inter- 
preted as a secondary development within the 
angiosperm clade. 

In Pentoxylon and Bennettitales the homolo- 
gies of the outer integument are more difficult to 
determine. In Vardekloeftia and Bennetticarpus 
crossospermus (Bennettitales) there is a distinct 
outer layer around the inner integument, which 
has been variously termed the “‘cupule” or “‘mi- 
cropylar plate” (Harris, 1932b) and is interpreted 
here as the outer integument of a bitegmic ovule. 
In Vardekloeftia two seeds occasionally occur 
within a single “‘cupule,” and this may indicate 
derivation from a structure that formerly con- 
tained more than one ovule (Harris, 1932b: 108). 
In Cycadeoidea Wieland (1906: 120) has de- 
scribed a “cup-shaped supporting basal husk,” 
and in Bennettites albianus Stopes (1918) has 
described a “‘cupule or aril of elongated tubular 
cells.” I suggest that both of these layers are ho- 
mologous with the “cupule” of Vardekloeftia 
and Bennetticarpus crossospermus and the outer 
layer of Bennetticarpus wettsteinii seeds (Krau- 
sel, 1949). In Pentoxylon I interpret the bennet- 
titalean “‘cupule” as represented by the well-de- 
veloped outer fleshy “‘sarcotesta” around each 
ovule, and the cuticle obtained from this layer 
in Pentoxylon cranwellii has been compared with 
that of the “cupule” in Vardekloeftia (Harris, 
1962: 24). 

On the interpretations of “cupules” given 
above the outer integument in the ovules of Ben- 
nettitales and Pentoxylon may be interpreted in 
three different ways. Either it is homologous with 
the cupule of Lagenostoma (Lyginopteris), or ho- 
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mologous with the “cupule” of glossopterids, 
Caytonia, corystosperms, and angiosperms, or it 
is independently derived and not homologous to 
either. In this paper I exclude the first possibility. 
Although the ovules of Bennettitales, Pentoxy- 
lon, and Lagenostoma are all orthotropous, they 
differ considerably in other features. The cupule 
of Lagenostoma is lobed, heavily vascularized, 
does not enclose the ovule, and is thought to have 
been borne on well-developed megaphylls. “Cu- 
pules” of primitive Bennettitales and Pentoxylon 
are unlobed, unvascularized, enclose the ovule, 
and are not borne on megaphylls. 

The two remaining possibilities are considered 
by two different methods of scoring in the data 
matrix for this paper. In one analysis (cladogram 
1, p. 770), the bennettitalean and Pentoxylon 
ovule is interpreted as non-homologous with the 
“cupules” of glossopterids, Caytonia, and corys- 
tosperms. In the second analysis (cladogram 2, 
p. 770) the homology of these different “cupules” 
(but not the cupule of the Lyginopteris plant) is 
accepted. The details of adjusting the data matrix 
for these two different interpretations are dis- 
cussed later in the paper (p. 774). 

In the Gnetales the only morphological fea- 
tures that may be interpreted as evidence for the 
presence of a “‘cupule” are the regular develop- 
ment of two nucelli within a single integument 
in some species of Ephedra (Thoday & Berridge, 
1912), the two lateral flaps of tissue at the base 
of the non-functional ovule in microsporangiate 
“flowers” of Welwitschia, and the occasional oc- 
currence of Gnetum ovules with four “integu- 
ments” (Pearson, 1915). In the absence of better 
evidence the Gnetales are treated as lacking a 
“cupule” in this analysis. 

9.20 Megaspore membrane thin. Com- 
parative information on the megaspore mem- 
branes of gymnosperms is inadequate. Currently 
available data suggest that a thick, well-devel- 
oped acid-resistant megaspore membrane, like 
that typical of pteridophytes, is primitive within 
seed plants (Hill & Crane, 1982) and that the 
weakly developed membrane in Caytonia, co- 
rystosperms, Pentoxylon, Bennettitales, and an- 
giosperms is a specialized condition (Erdtman, 
1957, 1965; Harris, 1954; Thomson, 1905). The 
megaspore membrane in these plants is only 
weakly resistant to maceration, and frequently 
this seems to be correlated with the presence of 
a well-developed nucellar cuticle (Harris, 1954). 
In conifers the megaspore membrane varies in 
thickness between genera. A thin megaspore 
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membrane, however, is most common in rela- 
tively advanced taxa (Erdtman, 1965; Miller, 
1982). In angiosperms the megaspore membrane 
can be detected with transmission electron mi- 
croscopy (Mogensen, 1978) but is not acid-re- 
sistant. 

9.21 Granular pollen wall. The pollen of all 
the seed plants considered here has two well- 
defined wall layers, the outer of which is either 
alveolar or granular in construction (Doyle et al., 
1975). Within the alveolar forms there are two 
basic types; one in which the alveolae are com- 
prised of small, typically densely crowded cavi- 
ties (““cycad type,” Doyle et al., 1975), the other 
in which the alveolae are larger and more highly 
organized (“‘pinaceous type,” Doyle et al., 1975). 
The microspores of Archaeopteris (Pettitt, 1966) 
and the pollen of corystosperms, Bennettitales, 
and Gnetales all have a granular wall structure. 
Pollen of cycads and medullosans is of the al- 
veolate type, with small cavities, and the pollen 
of conifers, cordaites, Ginkgo, Callistophyton, 
peltasperms, glossopterids, and Caytonia is of 
the more highly differentiated alveolate type 
(Crepet & Zavada, pers. comm.; Doyle et al., 
1975; Millay & Taylor, 1976). Pollen of Lygi- 
nopteris has not been studied with transmission 
electron microscopy but is assumed to have had 
a homogeneous wall as in the pollen of Crosso- 
theca. Pollen of Pentoxylon is currently under 
investigation (Taylor & Crane, in progress). Pre- 
liminary results from transmission electron 
microscopy suggest that the pollen wall is granu- 
lar. 

Granular pollen wall stratification occurs in 
many angiosperm groups, and in most cases (e.g., 
Juglandaceae, Betulaceae) it is interpreted as a 
secondary modification within flowering plants. 
However, granular exines also occur in many 
magnoliid families (e.g., Amborellaceae, Anno- 
naceae, Canellaceae, Magnoliaceae) (Walker, 
1976). Walker (1976: 278) suggests that these 
granular exines represent a stage in the origin of 
tectate wall structure from a homogeneous, 
walled, atectate primitive condition. However, 
in the gymnosperms studied in this analysis a 
homogeneous exine occurs only in Lyginopteris, 
and the basic pollen wall type appears to be the 
alveolar condition with granular exines a rela- 
tively specialized feature seen in corystosperms, 
Bennettitales, Gnetales, and, presumably as a 
secondary advance, in some conifers (e.g., Ar- 
aucariaceae, Taxodiaceae). In the context of seed 
plants as a whole, I accept the hypothesis that 
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granular pollen wall stratification is primitive 
within angiosperms (see also Doyle, 1978: 375- 
376). 

9.22 Uniovulate “cupule.” The “cupules” of 
Caytonia and the glossopterids considered here 
contain several ovules. In the glossopterid Den- 
kania (Pant, 1977a; Surange & Chandra, 1975) 
the “cupules” apparently contain a single ovule, 
but this is interpreted as a specialized feature 
within the glossopterid clade. According to the 
interpretation of character 9.19, the corysto- 
sperms, Bennettitales, Pentoxylon, and angio- 
sperms also have a single ovule per “‘cupule.” 
The homologies of “cupules” in all of these taxa 
are treated in two different ways (p. 770) but are 
not considered homologous with the cupules of 
Lyginopteris and other early seed ferns, for rea- 
sons given earlier (character 9.19). 

9.23 Microsporophylls forming ‘flowers.’ 
The microsporophylls of the Bennettitales, Pen- 
toxylon, Ephedra, and Welwitschia are aggregat- 
ed together in a whorl or pseudowhorl to form 
cup-like “flowers” quite distinct from the pollen 
cones of conifers. In Bennettitales, Welwitschia, 
Ephedra, and angiosperms they are clearly ar- 
ranged in a whorl or tight helix (see also character 
9.33). The microsporophylls are similarly aggre- 
gated in Pentoxylon but details of their arrange- 
ment are uncertain. It is not known how the mi- 
crosporophylls of corystosperms, Caytonia, 
glossopterids, and Pe/taspermum were arranged 
on the plant, but in this analysis I have assumed 
that they were not aggregated into “flowers” (ple- 
siomorphic condition). 

9.24 Uniovulate “cupule” erect. The uni- 
ovulate “cupules” of corystosperms like the mul- 
tiovulate “cupules” of Caytonia were recurved, 
and I interpret this as the primitive condition 
(see character 9.19). In Bennettitales and Pent- 
oxylon the uniovulate “cupules” are borne erect. 
In flowering plants the most widespread, and ap- 
parently primitive, configuration for the bitegm- 
ic ovule is anatropous. This is consistent with 
derivation of the outer integument from a re- 
curved Caytonia-like or corystosperm ‘‘cupule.”’ 
Although orthotropous bitegmic ovules do oc- 
cur, these are considered as specializations with- 
in the flowering plant clade. 

9.25 Megasporophylls ‘“‘unicupulate.’’ In the 
Bennettitales and Pentoxylon the presumed 
homologues of the megasporophylls consist of a 
single “cupule” (character 9.19). In other Perm- 
ian and Mesozoic plants with “cupules” (Cay- 
tonia and corystosperms) there are several ‘‘cu- 
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pules” per megasporophyll, and in Glossopteris 
this is also interpreted as the primitive condition 
(character 4.5). 

In angiosperms the primitive carpel appears 
to be conduplicate, containing several seeds (Bai- 
ley & Swamy, 1951). Under the interpretation 
adopted in this paper, each carpel would there- 
fore consist of several cupules, perhaps originat- 
ing in the manner suggested by Doyle (1978). 
Although some of the carpels in the Magnoliidae 
(e.g., Chloranthaceae) contain only a single ovule, 
they are interpreted here as a secondary modi- 
fication within flowering plants (Walker & Walk- 
er, 1984). 

9.26 “Unicupulate’’ megasporophylls aggre- 
gated to form heads. In Pentoxylon and Ben- 
nettitales the “unicupulate’’ megasporophylls 
(characters 9.19, 9.25) are aggregated together to 
form heads. No comparable arrangement occurs 
in any other seed plant considered in this anal- 
ysis. 

9.27 Male gametophyte of three or four nu- 
clei. In gymnosperms, a male gametophyte of 
four nuclei occurs only in Gnetum, Welwitschia, 
and some conifers (character 1.1). In angio- 
sperms the male gametophyte is even less exten- 
sive and undergoes two mitotic divisions to pro- 
duce three cells. 

9.28 Female gametophyte tetrasporic. In 
Gnetum and Welwitschia (character 1.2), the fe- 
male gametophyte is tetrasporic. Tetrasporic 
megagametophytes are uncommon in angio- 
sperms (Sporne, 1974: 162) and are interpreted 
as a secondary development within the flowering 
plant clade. 

9.29 Archegonia absent. As in Gnetum and 
Welwitschia (character 1.3), no archegonia are 
differentiated in the female gametophyte of an- 
giosperms. However, the megagametophytes in 
these two groups differ markedly in both devel- 
opment and mature structure. For these reasons 
they are not accepted a priori as homologous in 
this analysis. 

9.30 Embryo with “feeder.” There is no 
structure comparable to the “feeder” of Gnetum 
and Welwitschia (character 1.4) in the embryo 
of angiosperms or any other seed plant. 

9.31 Ribbed pollen. Ribbed pollen superfi- 
cially similar to that of Ephedra and Welwitschia 
(character 1.5) occurs in some angiosperms (e.g., 
Spathiphyllum, Araceae; Trevisan, 1980). How- 
ever, transmission electron microscopy shows 
that the ribs in Spathiphyllum are formed by a 
tectate columellate wall rather than by granular 
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exine as in Ephedra and Welwitschia (Trevisan, 
1980). Ribbed pollen known to occur in Acan- 
thaceae is also interpreted as a secondary devel- 
opment within the angiosperm clade. 

9.32 Vessels with porose perforation plates. 
Vessels occur in the Gnetales (character 1.6) 
and most angiosperms. Although they have also 
been reported in the Bennettitales (Krassilov, 
1984) they are not known to be general within 
that group. Typically the vessels of Gnetales and 
angiosperms have been regarded as indepen- 
dently derived from tracheids, with circular bor- 
dered pits and scalariform pitting, respectively 
(Cronquist, 1968). It also has been generally ac- 
cepted that vessels arose within the angiosperms 
and that magnoliid angiosperms that lack vessels 
are primitively vesselless. However, Young 
(1981) has recently questioned whether the an- 
giosperms are primitively vesselless. His analysis 
of relationships within the Magnoliidae suggests 
that it is more parsimonious to invoke loss of 
vessels rather than the multiple vessel origins, 
but this should not be taken to imply that an- 
giosperm and gnetalean vessels are necessarily 
homologous. Muhammad and Sattler (1982), 
however, have described ‘“‘scalariform”’ and 
“sclaroid” perforation plates in Gnetum, which 
further blur the distinctions between angiosperm 
and gnetalean vessels. 

Despite these difficulties the traditional view, 
that vessels of Gnetales and angiosperms are non- 
homologous, is adopted in this paper. A more 
detailed evaluation of relationships within the 
Magnoliidae is required to evaluate the system- 
atic position of vesselless taxa. Also, the simi- 
larities in perforation plates, of Gnetum and an- 
giosperms described by Muhammad and Sattler 
(1982), involve taxa that are regarded as rela- 
tively derived within flowering plants (e.g., var- 
ious ‘“‘Amentiferae”’). 

9.33 Microsporangiate and ovulate ‘‘flowers”’ 
with opposite pairs of bracteoles. The repro- 
ductive structures of the Gnetales and several 
angiosperm groups are arranged on an opposite 
and decussate plan (character 1.7). In many cases, 
such as the ‘“‘Amentiferae,” this arrangement is 
thought to be a secondary modification within 
the flowering plant clade. This probably also is 
the case in more primitive angiosperms such as 
Chloranthaceae (Walker & Walker, 1984, fig. 
111). 

9.34 Bitegmic ovule enclosed or partially en- 
closed by a structure with a pollen-receptive stig- 
matic surface external to the second integu- 
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ment. Several living and extinct gymnosperms 
show total or partial enclosure of a unitegmic 
ovule (e.g., Caytonia, corystosperms, Bennetti- 
tales, glossopterids, and some conifers), and some 
(e.g., Tsuga and perhaps Leptostrobus) have a 
pollen-receptive surface external to the micro- 
pyle. However, no known gymnosperm has an 
enclosed, or partially enclosed, bitegmic ovule 
and a pollen-receptive stigmatic surface external 
to the outer integument. It is assumed here that 
those angiosperms with unitegmic ovules rep- 
resent a secondary modification within the flow- 
ering plant clade. 

Numerous mechanisms have been suggested 
for the enclosure of angiosperm ovules and the 
formation ofa simple conduplicate carpel. In this 
paper the hypothesis is adopted that the carpel 
represents a “cupulate” megasporophyll such as 
occurs in Caytonia and corystosperms, perhaps 
modified by progenesis (Doyle, 1978). 

9.35 Female gametophyte of 4-16 nu- 
clei. In all seed plants where it is known, the 
female gametophyte is much more extensive than 
in angiosperms. 

9.36 Double fertilization. The process of 
double fertilization in angiosperms that results 
in the formation of a zygote and endosperm nu- 
cleus does not occur in other seed plants. The 
closest approach to the angiosperm situation is 
in Ephedra, in which one of the male gametes 
fuses with the ventral canal nucleus of the ar- 
chegonium, but this second zygote undergoes no 
further divisions (Moussel, 1978; Sporne, 197 1a: 
187). 

9.37 Laminate endexine lacking. All gym- 
nosperm pollen that has been studied in sufficient 
detail has a laminate endexine. In angiosperms 
the endexine is generally unlaminated except close 
to the apertures (Doyle et al., 1975), and some 
angiosperms appear to lack any endexinous layer 
(Walker, 1974a). Lugardon and LeThomas (1974) 
have suggested that the laminated endexine of 
gymnosperms is in fact homologous to the foot 
layer (innermost ektexine) of angiosperm pollen 
and that the endexine of angiosperms arose de 
novo (Zavada, 1984). If this interpretation is ac- 
cepted, then the apparent endexinous lamina- 
tions of some Annonaceae (Walker, 1976) and 
Trimeniaceae (Sampson & Endress, 1984) are 
not homologous to those of gymnosperms. In- 
terpreting this complex character is difficult (Hill 
& Crane, 1982: 344-345) and requires further 
investigation aimed particularly at clarifying 
general patterns of pollen wall ontogeny. 


768 ANNALS OF THE MISSOURI BOTANICAL GARDEN [VoL. 72 


TABLE9. Data matrix for characters of seed plants: apomorphic characters marked +, plesiomorphic char- 
acters marked —, not applicable marked NA. Cladogram | (Fig. 20) was constructed from version one of the 
data in which Bennettitales and Pentoxylon were scored as plesiomorphic for characters 9.19 and 9.22; and 
character 9.25 was excluded as redundant. Cladogram 2 (Fig. 22) was constructed from version two of the data 
in which Bennettitales and Pentoxylon were scored apomorphic for characters 9.19, 9.22, and 9.25. See text for 
further discussion of these two alternatives. 











Ex- 
Lygin- Cor- Le- tant 
Archae- Medul- opte- daixy- Mes- bach- Coni- 
Character opteris losans Cycads ris lon oxylon ia fers 
1. Eustele + — + + + + + + 
2. Embryogenesis with a free nuclear 
phase —? +? + +? +? +? +? + 
3. Single functional megaspore mother- 
cell per megasporangium — + + + + + + + 
4. Integument = + + + + + + + 
5. Micropyle NA + + + + + + + 
6. Linear tetrad of megaspores = +? + — +? +? +? + 
7. Double vascular supply to ovules NA + + _ _ — — 
8. Axillary branching ~ + — + + + + + 
9. Saccate pollen NA _ _ _ + + + + 
10. Flattened ovules NA = _ - + + + + 
11. Megaphyllous leaves organized on a 
pinnate plan _ + + + — - _ = 
12. Narrowly triangular awl-shaped leaves = == = _ — = $ + 
13. Megasporophylls borne on short fertile 
shoots in the axil of a bract or leaf — — _ _ + + + + 
14. Fertile axillary ovulate shoots aggregat- 
ed into an “inflorescence” NA NA NA NA + + + + 
15. Pollen with distal germinal aperture = _ + — + _ ~ + 
16. Cordaites foliage = _ — — + + ~ = 
17. Primary axis of ovulate and microspo- 
rangiate “inflorescences” dorsiventrally 
flattened with bracts and fertile shoots 
four-ranked NA NA NA NA F + = _ 
18. Siphonogamy NA =? = =? —? =T =? + 
19. Ovules borne in a “cupule” NA _ — = = = = = 
20. Megaspore membrane thin = _ = — _ — _ = 
21. Granular pollen wall + = — +? _ _ _ _ 
22. Uniovulate ‘‘cupule” NA NA NA NA NA NA NA NA 
23. Microsporophylls forming “flowers” = = = = = _ _ _ 
24. Uniovulate “cupule”’ erect NA NA NA NA NA NA NA NA 
25. Megasporophylls “‘unicupulate”’ NA NA NA = NA NA NA NA 
26. ‘‘Unicupulate” megasporophylls aggre- 
gated to form heads NA NA NA NA NA NA NA NA 
27. Male gametophyte of three or four nu- 
clei =? = = =? = = =? = 
28. Female gametophyte tetrasporic = R - =p =} =? =] = 
29. Archegonia absent = = = _ — = =} = 
30. Embryo with “feeder” —? =? = —? =? —? —? =} 


31. Ribbed pollen — = - = = = _ = 
32. Vessels with porose perforation plates = = = =- = > > = 
33. Microsporangiate and ovulate “‘flow- 

ers” with opposite pairs of bracteoles NA NA NA NA NA NA NA NA 
34. Bitegmic ovule enclosed or partly en- 

closed by a structure with a pollen-re- 

ceptive stigmatic surface external to 

the second integument NA NA NA NA NA NA NA NA 
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TABLE 9. Continued. 


Ginkgo phyton sperms 
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NA 


NA 
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sopter- 
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Cay- 
tonia 


+? 


+? 


+ + 


+ + + 


+ 


NA? 


Co- 
rysto- 
sperms 


+ 


NA? 


Bennet- 
titales 


+ 


Pent- Wel- 
oxylon Gnetum witschia 
+ + + 
+? + - 
+ + + 
+ + + 
+ + + 
+? NA NA 
+ 4 + 
+ — ine 
+ + _ 
NA NA NA 
+ + + 
NA _ _ 
—_? + + 
+ + + 
+ + + 
—/+ NA NA 
+ _ + 
+ NA NA 
—/ + NA NA 
+ NA NA 
_? + + 
=? + + 
_? + + 
—9 + + 
_ _ + 
_ + + 
_ + + 
= NA NA 
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Ephed- Angio- 
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TABLE 9. Continued. 
Ex- 
Lygin- Cor- Le- tant 
Archae- Medul- opte- daixy- Mes- bach- Coni- 
Character opteris losans Cycads ris lon oxylon ia fers 
35. Female gametophyte of four to 16 nu- 
clei —? - = — —_ ? ? 
36. Double fertilization =? ? ? =? =? = = 
—? — — ? ? =7 = 


37. Laminate endexine lacking 

38. Axially aligned companion cells de- 
rived ontogentically from the same 
mother-cells as the sieve elements 


9.38 Axially aligned companion celis derived 
ontogenetically from the same mother-cells as the 
sieve elements. This character apparently oc- 
curs only in angiosperms and is not known in 
any other group of seed plants (Hill & Crane, 
1982). 

CLADOGRAMS 


Cladograms were generated from the data ma- 
trix using the PAUP Program (Phylogenetic 
Analysis Using Parsimony) of D. L. Swofford 
with the global branch swapping and MULPARS 
option. Cladograms were rooted by incorpora- 
tion of a hypothetical ancestor scored as plesio- 
morphic for all characters. Two different forms 
of the matrix (Table 9) were used to generate two 
different cladograms as follows. 

Cladogram 1 (Fig. 20). Cladogram 1 was 
generated from version one of the data matrix 
in which the “‘cupules” of Bennettitales and Pent- 
oxylon were not coded as homologous to the 
“cupules” of glossopterids, Caytonia, corysto- 
sperms, and angiosperms. That is, Bennettitales 
and Pentoxylon were coded as plesiomorphic for 
characters 9.19 and 9.22. Character 9.25 was ex- 
cluded as redundant (coded by character 9.24) 
giving in a total of 37 characters. The analysis 
resulted in five equally parsimonious cladograms 
(61 character state transitions) all with very sim- 
ilar topologies. A strict consensus tree (Rohlf, 
1982) derived from those five cladograms is giv- 
en in Figure 20. This kind of consensus tree pre- 
serves only those aspects of tree topology that 
occur in the five original trees. In this case the 
consensus tree only resulted in one polychotomy. 

Cladogram 2 (Fig. 22). Cladogram 2 was 
generated from version two of the data matrix 
in which the “cupules” of Bennettitales were cod- 
ed as homologous to those of glossopterids, Cay- 
tonia, corystosperms, and angiosperms. That is, 





Bennettitales and Pentoxylon were coded as apo- 
morphic for characters 9.19, 9.22, 9.24, 9.25, 
giving a total of 38 characters. The analysis re- 
sulted in ten equally parsimonious cladograms 
(62 character state transitions) all with very sim- 
ilar topologies. A strict consensus tree derived 
from these ten cladograms is given in Figure 22. 


DISCUSSION AND INTERPRETATION 
(GYMNOSPERMS) 


The pattern of relationships in cladograms 1 
and 2 is very similar. In both, seed plants are 
interpreted as a monophyletic group defined by 
the presence of an integument (character 9.4) with 
a well-differentiated micropyle (character 9.5) 
surrounding a megasporangium with a single 
functional megaspore mother-cell (character 9.3) 
and having a free nuclear phase in embryogenesis 
(character 9.2, secondarily cellular in Welwitsch- 
ia and angiosperms). The possibility of seed plant 
polyphyly suggested by Arnold (1948), Beck 
(1981), and Chaloner et al. (1977) is not sup- 
ported by the cladogram, but a full analysis of 
this problem would have to take into account 
additional progymnosperms and primitive seed 
plants that currently are only poorly known. 

Lyginopteris is resolved by both cladograms 
as the sister taxon to all other seed plants con- 
sidered. However, the characters on which this 
division is based are not strong. Distal pollen 
aperture (character 9.15) is particularly problem- 
atic (see below), and although Lyginopteris prob- 
ably had a tetrahedral tetrad of megaspores, the 
distributrion of tetrahedral and linear tetrads in 
other fossil plants is not well known. 

A close relationship between the Carbonifer- 
ous pteridosperms and cycads has been recog- 
nized by many authors. Arnold (1953) and Scott 
(1923) suggested that cycads were closely related 
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to lyginopterid pteridosperms, while Delevoryas 
(1955), Stewart (1983), and Wordsell (1906) have 
favored a closer, even ancestor-descendant, re- 
lationship from medullosans. Cladogram 1 sup- 
ports the view that medullosans and cycads are 
sister taxa based on the double vascular system 
in the ovule (character 9.7). This assumes that 
the Lagenostoma cupule has no homology in the 
cycad ovule, and that the chalazal pad of vascular 
tissue in the ovules of conifers, cordaites (Cor- 
daixylon, Mesoxylon), and Callistophyton is not 
the remains of a previous inner integument (see 
character 9.7). In cladogram 2 the position of 
cycads and medullosans relative to each other, 
and relative to all other seed plants considered 
(except Lyginopteris), is not resolved. Both 
cladograms suggest that the apparent absence of 
axillary branching in cycads (character 9.8) is the 
result of secondary loss, and that axillary branch- 
ing is a potential seed plant synapomorphy. Loss 
of axillary branching may be one result of the 
specialized pachycaul habit of extant cycads. The 
relationships of Spermopteris, Phasmatocycas, 
and Archaeocycas to cycads (Mamay, 1976) are 
discussed later in this paper. Similarly, both 
cladograms suggest that the protostele of Quaes- 
tora is reduced from the eustele that characterizes 
all other seed plants considered. This conclusion 
may have to be modified if it could be demon- 
strated that cycads and medullosans were closely 
related to aneurophytalean progymnosperms 
(protostelic) as suggested by some authors (e.g., 
Stewart, 1983). 

The evidence for a close relationship between 
conifers and cordaites was presented convinc- 
ingly by Florin (1951) and has been accepted 
widely by subsequent authors (Mapes & Roth- 
well, 1984; Rothwell, 1982b). Recently, how- 
ever, Beck (1981: 193) has suggested “that the 


Cordaitales and Lebachiaceae represent inde- 
pendent lines of evolution originating from Ar- 
chaeopteris or some closely related, similar pro- 
gymnosperm.” This hypothesis would require at 
least a biphyletic origin of seed plants that is not 
supported by the analyses in this paper. The 
cladograms reflect the views of Florin and other 
authors. They suggest that conifers and cordaites 
are more closely related to each other than either 
is to Archaeopteris on the basis of several derived 
characters: single functional megaspore mother- 
cell per megasporangium (character 9.3), integ- 
ument (character 9.4), micropyle (character 9.5), 
axillary branching (character 9.8), saccate pollen 
(character 9.9), flattened ovules (character 9.10), 
megasporophylls borne on short fertile shoots in 
the axils of bracts (character 9.13), and ovulate 
short shoots aggregated into an “inflorescence” 
(character 9.14). Rothwell (1982b) has similarly 
emphasized the importance of these characters 
in his analysis of Beck’s hypothesis. The mi- 
crosporangiate “inflorescence” of Cordaites is a 
feature that has been suggested as a specialization 
precluding an ancestral relationship to the co- 
nifers (Beck, 1981; Pant, 1977b). In cladistic terms 
this character would be a synapomorphy of cor- 
daites but would not obviate a close relationship 
with conifers. The difficulty only arises when the 
relationship between the two groups is viewed 
as that of an ancestor and descendant. Similar 
arguments could be applied to other, possibly 
unique, specializations of cordaites listed by Beck 
(1981: 215) (leaf morphology, bilaterally sym- 
metrical distichous inflorescences). 

The closest relatives of Ginkgo have long been 
thought to be conifers and cordaites (Chamber- 
lain, 1935; Emberger, 1954; Pant, 1977b), and 
this is supported by both cladograms in which 
Ginkgo is placed as the sister taxon to the conifer 
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FiGuRE20. Relationships beween major groups of seed plants. Strict consensus tree derived from five equally 
parsimonious cladograms constructed from version one of the data matrix. In this analysis the “cupules” of 
Bennettitales and Pentoxylon were not coded as homologous to the “cupules” of glossopterids, Caytonia, 
corystosperms, and angiosperms. Bennettitales and Pentoxylon were coded as plesiomorphic for characters 9.19 
and 9.22, and character 9.25 was excluded as redundant. Total characters 37, character state transitions 61. A 
dot next to the number indicates homoplasy. 
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plus the cordaite clade. The synapomorphy of 
the Ginkgo plus conifer plus cordaite clade is 
the presence of megasporophylls on an axillary 
fertile shoot (character 9.13). The morphological 
interpretation presented earlier (p. 749) of the 
Ginkgo ovulate reproductive structure is there- 
fore critical. There is no support in the analysis 
of characters presented here for Meyen’s (1984) 
view that Ginkgo and related plants constitute a 
very distinct major lineage in seed plant evolu- 
tion. Ginkgo is resolved as more closely related 
to conifers and cordaites than to any of the taxa 
included by Meyen in his Ginkgoopsida. Simi- 
larly, although Ginkgo shares some features such 
as zooidogamy and the long free nuclear phase 
of embryogenesis with the living cycads (Stewart, 
1983: 319), in cladistic terms these are primitive 
characters that do not indicate close phylogenetic 
relationship (Chamberlain, 1935: 216). 

Rothwell (1981) discussed two possibilities for 
the phylogenetic relationships of Callistophyton: 
either it is more closely related to conifers and 
cordaites than it is to other pteridosperms, or the 
similarities with conifers and cordaites are be- 
cause of parallel evolution. He rejected both and 
suggested a position intermediate between pte- 
ridosperms and cordaites or conifers. Both clado- 
grams reflect the difficulties in resolving the pre- 
cise phylogenetic relationship of Callistophyton 
and have a polychotomy involving cordaites plus 
conifers, Callistophyton, peltasperms, and the 
glossopterid plus Caytonia plus corystosperm 
clade. These four groups are themselves united 
by flattened seeds (character 9.10) and saccate 
pollen (lost secondarily in peltasperms, character 
9.9). 

One advanced character that may ultimately 
be important in assessing the relationships of 
Callistophyton is the presence of pollen with a 
distal aperture. In both cladograms it is meth- 
odologically more parsimonious to interpret the 
proximal germinal apertures in medullosans, 
Mesoxylon, and Lebachia as reversals from dis- 
tal germination primitive for all seed plants ex- 
cept Lyginopteris (a total of three reversals). 
However, from a botanical perspective such re- 
versals seem unlikely and most paleobotanists 
would probably view the prepollen of medullo- 
sans, Mesoxylon, and Lebachia as retention of a 
primitive feature. If this view is adopted it ne- 
cessitates five (cladogram 2) or six (cladogram 1) 
independent origins of distal germination. Cha- 
loner (1970a) recognized that the switch from 
proximal to distal germination had occurred sev- 
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eral times in seed plant evolution, but the extent 
of this parallelism is of considerable interest. It 
suggests that detailed studies of pollen ontogeny 
might detect different mechanisms of aperture 
formation, and it clearly indicates that pollen 
with a distal aperture is not a good synapomor- 
phy of seed plants as might be concluded from 
a cladistic analysis restricted solely to extant 
gymnosperms. 

At the same level as Callistophyton in the 
cladogram the systematic relationships of pel- 
tasperms are unresolved; but the other group in- 
corporated at this polychotomy is the glossop- 
terid plus Caytonia plus corystosperm clade de- 
fined by the presence of a “cupule” (character 
9.19). Within this group Caytonia and corysto- 
sperms are more closely related to each other 
than either is to glossopterids based on the poorly 
developed acid-resistant megaspore membrane 
(character 9.20). These relationships among 
“Mesozoic seed ferns” are maintained in both 
cladograms. 

The relationships of Pentoxylon previously 
have been considered enigmatic. Frequently the 
genus has been viewed as a peculiar and isolated 
gymnosperm of uncertain phylogenetic relation- 
ship (Andrews, 1961; Stewart, 1983) though var- 
ious similarities with other groups of seed plants 
have been pointed out. For example, monosul- 
cate pollen occurs in cycads, Ginkgo, and. the 
Bennettitales, while pycnoxylic conifer-like wood 
is a generalized feature within seed plants as a 
whole. Other authors (e.g., Ehrendorfer, 1971) 
have suggested a close relationship between 
Pentoxylon and the Bennettitales. In the analysis 
given here two relatively advanced characters are 
useful in establishing the phylogenetic relation- 
ships of Pentoxylon: the “‘flower-like” arrange- 
ment of the microsporophylls (character 9.23), 
which also occurs in Bennettitales, Gnetales, and 
angiosperms; the aggregation of the ovules into 
a head (character 9.26), which otherwise occurs 
only in the Bennettitales, and the structural sim- 
ilarity of bitegmic bennettitalean and Pentoxylon 
ovules (characters 9.19, 9.25, 9.26). If the inter- 
seminal scales of Bennettitales are accepted as 
being derived ontogenetically and phylogenet- 
ically from “‘cupule” primordia (characters 6.1, 
9.19) then the existence of fully fertile ovulate 
heads like those of Pentoxylon, which lack in- 
terseminal scales, is a straightforward and rea- 
sonable prediction. This general view (though 
before Pentoxylon had been studied) was ex- 
pressed by Wieland (1906: 120). The stomata of 
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Nipaniophyllum (Pentoxylon) were originally de- 
scribed by Sahni (1948: 56) as syndetocheilic, 
and they deserve careful reexamination to clarify 
the range of variation which they exhibit and to 
establish their precise similarities and differences 
with those of the Bennettitales. It is also inter- 
esting that the anticlinal flanges of Nipaniophyl- 
lum leaf cuticles are finely sinuous, like those of 
most Bennettitales. 

A close relationship between Bennettitales and 
cycads is not supported by the cladogram, al- 
though the two groups frequently have been 
treated together on the basis of their leaf mor- 
phology and the similar habit of cycads and Cy- 
cadeoidea (Wieland, 1906, 1916). Both clado- 
grams suggest that these similarities are the result 
of convergence. Many authors (Arber & Parkin, 
1907: 51; Arnold, 1953: 58; Stewart, 1983) have 
recognized that the cycad plus Bennettitales 
group is artificial and probably does not reflect 
close phylogenetic relationship. The two groups 
are treated together primarily for reasons of con- 
venience and tradition, but according to the anal- 
ysis in this paper even the general designation of 
the Bennettitales as “‘cycadophytes” obscures 
their probable phylogenetic relationships with 
other taxa. On the basis of the characters given 
here, the two groups are very far apart. 

In both cladograms the Bennettitales plus 
Pentoxylon clade is resolved as a sister group 
to a clade comprising the angiosperms plus 
Gnetales exactly as proposed by Arber and Par- 
kin (1908). The probability of a close relation- 
ship between the Bennettitales and Gnetales fre- 
quently has been suggested (Arber & Parkin, 1907, 
1908; Martens, 1971: 269; Takhtajan, 1969: 17; 
Thoday, 1911), but at this level of analysis the 
cladogram does not support the view that the 
gnetalean “flower” is a highly reduced bisexual 
bennettitalean “flower” consisting of a single 
ovule or that the Gnetales and Bennettitales are 
sister taxa. It is nevertheless possible that a more 
detailed character analysis might place the Gne- 
tales as a relatively advanced monophyletic group 
within the bennettitalean clade. If this could be 
supported then a bennettitalean origin for the 
gnetalean “flower” would be more plausible. In 
this case the bennettitalean “‘perianth” (character 
9.33) may be interpreted as homologous to the 
opposite bracteoles of the Gnetales, and the 
“slight protruberance slightly below the epicot- 
yl” in Cycadeoidea embryos (Crepet, 1974: 158) 
could be compared to a poorly developed ‘“‘feed- 
er” in Welwitschia or Gnetum (character 9.30). 
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Other similarities between the Bennettitales and 
Gnetales include the details of the micropyle and 
seeds (Berridge, 1911; Thoday, 1911), paracytic 
stomata, bisporangiate flowers, the possible pres- 
ence of vessels (Krassilov, 1984), and the pres- 
ence of a long micropylar tube. Cladogram 2 also 
supports the view that the apparent absence of 
a true outer integument in Gnetales is most easily 
explained as a secondary loss. 

The main alternative to a bennettitalean or 
angiosperm relationship of the Gnetales is the 
possibility of a close relationship between 
Ephedra and cordaites (Eames, 1952). Eames 
emphasized the difference between Ephedra ver- 
sus Gnetum and Welwitschia. The cladogram 
supports the view that Gnetum and Welwitschia 
are more closely related to each other than either 
is to Ephedra based on the reduced male ga- 
metophyte (character 9.27), the tetrasporic fe- 
male gametophyte (character 9.28), the lack of 
archegonia (character 9.29), and the presence of 
a “feeder” in the embryo (character 9.30; see also 
p. 766). However, contrary to Eames (1952) the 
cladogram suggests that the Gnetales are mono- 
phyletic and united by fundamentally similar re- 
productive structures (character 9.33), vessels 
(character 9.32), and possibly by their distinc- 
tive, ribbed pollen (character 9.31). Eames based 
his discussion mainly on the fertile axillary shoot 
that occurs in both Gnetales and cordaites, and 
his views hinge in particular on an interpretation 
of the ovules in Ephedra as appendicular rather 
than cauline. The other Ephedra-cordaite simi- 
larities cited by Eames (1952) are interpreted here 
as primitive features within seed plants (pyc- 
noxylic wood, anomocytic stomata) or indepen- 
dently derived in the spermatophyte clade (non- 
megaphyllous leaves). 

In most features already discussed cladograms 
l and 2 scarcely differ, but the most prominent 
and almost the sole effect of interpreting the other 
integument of Bennettitales and Pentoxylon as 
homologous with the “‘cupule” in glossopterids, 
Caytonia, corystosperms, and angiosperms is to 
reposition the Bennettitales plus Pentoxylon plus 
Gnetales plus angiosperm clade as the sister group 
to the corystosperms. Under this interpretation 
the orthotropous bitegmic ovules of Bennetti- 
tales and Pentoxylon may be considered the ul- 
timate product of a reduction series involving 
the Caytonia megasporophyll with several “‘cu- 
pules” and several seeds in each; and the cor- 
ystosperm megasporophyll with fewer “‘cupules”’ 
each containing a single seed. The bennettitalean 
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FIGURE 21. Suggested homologies between megasporophylls of Caytonia, corystosperms, Pentoxylon, Ben- 
nettitales, and angiosperms.—A. Caytonia-like megasporophyll with several “cupules,” each containing nu- 
merous ovules.—B. Corystosperm-like megasporophyll with few uniovulate “cupules.” —C. Hypothetical re- 
curved “unicupulate” megasporophyll containing one ovule.—D. Erect (“orthotropous”) “unicupulate” 
megasporophylls containing a single ovule, aggregated into a head as in Pentoxylon. —E. Head of fertile and 
sterile “unicupulate,” uniovulate megasporophylls as in Bennettitales. Sterile megasporophylls forming inter- 


seminal scales. —F. Angiosperm carpel opened and viewed adaxially. See text for further explanation. 


or Pentoxylon ovule would be interpreted as a 
highly reduced megasporophyll of one “‘cupule” 
containing a single seed (Fig. 21, see also Thom- 
as, 1955: 655). In my view the only major ar- 
gument against this interpretation is the ortho- 
tropous orientation of bennettitalean and 
Pentoxylon “cupules” versus the recurved “‘cu- 
pules” of Caytonia and corystosperms. Clearly 
it would be of considerable interest if the pre- 
dicted (but unknown) recurved bitegmic ovules 
were detected in primitive Bennettitales. 

In favor of the relationship suggested in clado- 
gram 2 is the similarity of ovule structure and 
cuticles in Caytonia, corystosperms, Bennetti- 
tales, and Pentoxylon. Additional evidence is 
provided by the similarity between Rhexoxylon 
(probable corystosperm stem) and Pentoxylon. 
Both havea “‘polystelic” arrangement of vascular 
tissue and also show an identical pattern of leaf- 
trace origin (Stewart, 1983: 312). On the basis 
of this slim evidence I currently favor cladogram 
2 over cladogram 1 as most likely approaching 
the true phylogenetic relationships of seed plants, 
and this view is also more broadly consistent 
with the stratigraphic evidence. Cladogram 1 
places the origin of four fundamentally Mesozoic 
groups (Bennettitales, Pentoxylon, Gnetales, and 


angiosperms) at a level equivalent to the origin 
of major Paleozoic groups such as medullosans 
and cordaites. Further work is clearly necessary 
to supplement our knowledge of characters and 
plants relevant to the competing hypotheses of 
cladograms 1 and 2. In particular, a detailed 
comparative study of the “cupules” of Varde- 
kloeftia (Harris, 1932b), Bennetticarpus crosso- 
spermus (Harris, 1932b), other Bennettitales 
(Stopes, 1918; Wieland, 1906: 120; Krdausel, 
1949), Pentoxylon, and corystosperms is a pri- 
mary requirement. 

In addition to the particular questions of re- 
lationship already considered, the cladograms 
raise two general issues: are the pteridosperms a 
phylogenetically useful group, and how well do 
existing classifications of seed plants reflect phy- 
logenetic relationships? The extreme heteroge- 
neity of the “‘pteridosperms” is clearly demon- 
strated in both cladograms. The relationships of 
medullosans, Lyginopteris, Callistophyton, pel- 
tasperms, glossopterids, Caytonia, and corysto- 
sperms are extremely diverse, and there is no 
pair of pteridosperm taxa that together constitute 
a monophyletic group in both cladograms. Gen- 
erally the concept of the pteridosperms has been 
used intuitively with little attempt at mgorous 
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TABLE 10. Previous classification of gymnosperms. 
Extinct taxa indicated with an asterisk. 


Chamberlain, 1935 Bierhorst, 1971 


Cycadophytes Cycadopsida 
*Cycadofilicales *Pteridospermales 
*Bennettitales Cycadales 

Cycadales *Cycadeoidales 

Coniferophytes *Caytoniales 

*Cordaitales Coniferopsida 
Ginkgoales *Cordaitales 
Coniferales Coniferales 
Gnetales Taxales 

Ginkgoales 
Gnetopsida 
Ephedrales 
Gnetales 
Welwitschiales 
Angiospermopsida 


definition. However, Townrow (1962a: 316) of- 
fered a more precise circumscription defining the 
pteridosperms as “‘gymnospermous plants with 
leaves, pollen- and seed-bearing organs pinnate. 
Reproductive structures not aggregated into cones 
or flowers.” This defines the pteridosperms en- 
tirely in terms of pinnately organized leaves, mi- 
crosporophylls, and megasporophylls (character 
9.11), which are all generalized features within 
most groups of seed plants. On this definition 
the pteridosperms are merely the residue of seed 
plants after taxa with “cones” (cycads, conifers, 
cordaites, Pentoxylon) and taxa with “flowers” 
(presumably Bennettitales, Gnetales, and angio- 
sperms) have been removed. The group is de- 
fined by exclusion and primitive characters. For 
phylogenetic purposes the current concept of the 
pteridosperms is valueless and has been a major 
source of confusion in attempts to analyze the 
phylogenetic relationships of seed plants. 

The pattern of relationships expressed in the 
cladogram can be usefully compared with views 
expressed in the classifications of previous au- 
thors. It should, however, be recognized that 
classifications may be viewed as having many 
purposes, and not all were intended to reflect 
phylogenetic relationships. Considering only ex- 
tant gymnosperms the cladogram compares fa- 
vorably with the classification of Chamberlain 
(1935) (Table 10). Chamberlain divided the ex- 
tant gymnosperms into two groups, cycado- 
phytes, in which he placed the cycads, and conif- 
erophytes, in which he included the conifers, 
Ginkgo, and Gnetales. He clearly recognized the 
distinctiveness of the cycads, and that the co- 
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nifers, Ginkgo and Gnetales were more closely 
related. Bierhorst (1971) (Table 10) separated the 
Gnetopsida from the Coniferopsida, although he 
acknowledged that they are probably more closely 
related than either is to cycads. However, when 
the comparisons are extended to include fossil 
plants, the cladogram conflicts with the classifi- 
cations of Chamberlain (1935) and Bierhorst 
(1971). Both these authors recognized the Pte- 
ridospermales (Cycadofilicales) and the Cycade- 
oidales (Bennettitales) as two groups within the 
Cycadopsida (Cycadophytes). The heterogene- 
ity of the pteridosperms already has been dis- 
cussed, and according to cladogram 1, conifers, 
cordaites, and Ginkgo are more closely related 
to cycads than to Bennettitales. In cladogram 2 
the Bennettitales are more closely related to co- 
nifers, cordaites, Ginkgo, and Gnetales. Bier- 
horst (1971) also included Caytonia in the Cy- 
cadopsida. In both cladograms Caytonia is more 
closely related to conifers, cordaites, and Ginkgo. 
The results presented here suggest that in order 
for the cycadophytes to be considered a mono- 
phyletic group, it should probably include only 
the medullosans and cycads. 

If the cycadophytes of Chamberlain’s system 
are redefined in restricted form, the ‘“‘conifero- 
phytes”’ according to both cladograms expand to 
include Callistophyton, glossopterids, Caytonia, 
and corystosperms. In cladogram 2 the Bennet- 
titales, Pentoxylon, Gnetales, and angiosperms 
are also included in the coniferophyte clade. In 
this context many of the traditional distinctions 
between the cycadophytes and coniferophytes 
break down, and the “‘coniferophytes”’ no longer 
include only forms with profuse branching, small 
simple leaves, small pith and cortex, and pyc- 
noxylic secondary xylem (Foster & Gifford, 1974: 
385). If the relationships in cladogram 2 are ac- 
cepted, it may be more useful to recognize a broad 
group (“platysperms”) defined by the presence 
of flattened ovules. Radiospermic ovules has been 
one of the characters traditionally used to link 
the cycads with the Bennettitales and even has 
been used to suggest a relationship between the 
Gnetales and medullosans (Rodin & Kapil, 1969: 
429). Under the interpretation in cladogram 2, 
the Bennettitales and Gnetales are only second- 
arily radiospermic, and some, such as Varde- 
kloeftia and Ephedra, are platyspermic. There is, 
in any case, very little resemblance between the 
small, poorly vascularized ovules of the Bennet- 
titales and the large, doubly vascularized ovules 
of cycads. According to the analysis of characters 
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in this paper, the radiospermy of cycads, med- 
ullosans, and Lyginopteris is not homologous with 
the secondary “pseudoradiospermy” of Bennet- 
titales and Gnetales. 


DISCUSSION AND INTERPRETATION 
(ANGIOSPERMS) 


The angiosperms along with the Gnetales and 
the Bennettitales plus Pentoxylon clade form 
a monophyletic group. In cladogram | this clade 
is placed as the sister group to all other seed 
plants considered (except Lyginopteris ). In 
cladogram 2 the corystosperms are the sister 
group to the Bennettitales plus Pentoxylon plus 
Gnetales plus angiosperm clade. This second 
pattern of relationships is broadly consistent with 
the view that the “Mesozoic seed ferns” were 
important in angiosperm origins (Andrews, 1961; 
Doyle, 1978; Gaussen, 1946; Retallack & Dilch- 
er, 1981; Stebbins, 1974; Stewart, 1983) and rec- 
onciles this idea with the suggestions of Arber 
and Parkin (1907, 1908) concerning the rela- 
tionships of angiosperms to the Gnetales and 
Bennettitales. 

The analysis of characters presented here does 
not address the possibility that the angiosperms 
are polyphyletic (Hughes, 1976, 1977; Krassilov, 
1973, 1975; Meeuse, 1966) and accepts the tra- 
ditional view that the angiosperms are mono- 
phyletic (Cronquist, 1968; Takhtajan, 1969). In 
cladistic terms polyphyly could only be sup- 
ported if a group of flowering plants could be 
shown to be more closely related to some group 
of gymnosperms than to other flowering plants. 
This has never been explicitly demonstrated, but 
is implicit in Krassilov’s (1977b) suggestion that 
there are three major mid-Cretaceous angio- 
sperm “lineages,” the Hamamelidales, Laurales, 
and monocotyledons, that are “rooted” in the 
Dirhopalostachyaceae, Caytoniales, and Czeka- 
nowskiales, respectively. In both cladograms the 
angiosperms could be justified as monophyletic 
by five characters (9.34-9.38; see also Hill & 
Crane, 1982). It should, however, be recognized 
that most of these features are difficult to assess 
even in living plants, that most species in the 
Magnoliidae are relatively poorly understood, and 
that there are real problems of sampling in such 
a large group. 

An interesting aspect of the cladogram is that 
the flowering plants are more closely related to 
Gnetales than any other group of gymnosperms. 
This view was advocated in the earlier part of 
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this century (Arber & Parkin, 1908) but has been 
out of favor for over 50 years, apparently for two 
principal reasons. The first is the apparent dif- 
ficulty of “transforming” the ovulate structures 
of the Gnetales into an angiosperm carpel. Al- 
though this has been attempted by several au- 
thors (Meeuse, 1966; Thompson, 1916), the re- 
sults have been unconvincing and usually have 
involved comparison with the ovary in some 
‘‘Amentiferae”’ that are more likely to represent 
secondary modifications within the flowering 
plant clade. These hypotheses also have been 
unable to account for the origin of the condu- 
plicate carpel. 

The second reason stems from the widely ac- 
cepted view that vessels arose independently in 
the Gnetales and angiosperms (see earlier dis- 
cussion of characters 1.6, 9.32). This view has 
been so influential that, even when the many 
similarities between Gnetales and angiosperms 
have been acknowledged, the conclusion has been 
that “the evidence of vascular anatomy strongly 
controverts any suggestion of relationships” 
(Cronquist, 1968: 43). 

Both of these problems seem to arise out of 
the preoccupation with identifying angiosperm 
ancestors and the apparent impossibility that the 
Gnetales could have fulfilled this role. From a 
cladistic standpoint, such an ancestor-descen- 
dant relationship is untenable; some of the sim- 
ilarities between the two groups indicate a close 
phylogenetic relationship, but each has its own 
specializations with neither being ancestral to the 
other (see also Arber & Parkin, 1908; Just, 1948). 
Interestingly too, several of the gnetalean fea- 
tures that appear to be present in flowering plants 
(e.g., the dicotyledonous leaves of Gnetum) may 
well be secondary advances within the gnetalean 
clade. 

In both cladograms, the Gnetales and angio- 
sperms are resolved as sister groups (cf. Arber & 
Parkin, 1908; Just, 1948) but exhibit some par- 
allelisms. Angiosperms share several derived 
features with Gnetum and Welwitschia, includ- 
ing the poorly developed male gametophyte 
(character 9.27), embryogenesis with no free nu- 
clear phase (character 9.2), precocious differen- 
tiation of integuments at the time of megaspo- 
rogenesis (Crepet, 1974: 163), presence of 
astrosclereids (Bierhorst, 1971: 475), and the oc- 
currence of paracytic stomata that, according to 
Baranova (1972), are primitive within angio- 
sperms. In addition, angiosperms and Gnetum 
are similar in leaf morphology and in having a 
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partially (Gnetum) or completely coenocytic (an- 
giosperms) female gametophyte at fertilization. 
Further similarities between the Gnetales and 
angiosperms, that require more detailed exami- 
nation, are similarities in chemistry (Gottlieb & 
Kubitzki, 1984) particularly of the wood (Gibbs, 
1958; McLean & Evans, 1934; Melvin & Stew- 
art, 1969; Nishio, 1959), the occurrence of latic- 
ifers (Muhammad & Sattler, 1982), the small 
chromosomes, and the occurrence of polyploidy 
in Ephedra (Ehrendorfer, 1976). Ehrendorfer es- 
timates the base chromosome number of Gne- 
tales as n = 7, the same value as that estimated 
for the base number of angiosperms (Raven, 
1975). 

Arber and Parkin (1908: 513) explicitly rec- 
ognized a sister-group relationship between the 
angiosperms and Gnetales, with the Bennetti- 
tales as a sister group to both. The Bennettitales 
were an important factor in the development of 
the Anthostrobilus theory of the angiosperm 
flower (Arber & Parkin, 1907) and were part of 
the justification for considering the ‘‘Ranalian 
plexus” as the most primitive living flowering 
plants. The cladogram provides an explicit base 
from which to examine further the idea that the 
Bennettitales, like Pentoxylon and Gnetales, are 
closely related to flowering plants and from which 
to pursue the functional parallelisms in terms of 
pollination and dispersal biology that can be 
traced in these clades. 

Other hypotheses for the origin of the angio- 
sperms are not supported by the distribution of 
characters in the cladogram. The cupules of ly- 
ginopterid seed ferns are not treated as homol- 
ogous with those of “Mesozoic seed ferns” (char- 
acter 9.19) and the cladogram lends no a pos- 
teriori support to this idea. Lyginopterid cupules 
therefore seem unlikely to be helpful in any par- 
simonious explanation of the origin of the second 
integument or carpel in angiosperms (Long, 1966, 
1977). Indeed, results from a PAUP analysis of 
Table 9 in which the cupule of Lyginopteris is 
scored as homologous with the “cupules” of glos- 
sopterids, Caytonia, and corystosperms and the 
second integument of Bennettitales, Pentoxylon 
and angiosperms, place Lyginopteris in various 
highly derived positions inconsistent with other 
aspects of its morphology (and stratigraphic po- 
sition). The suggestion that the carpel evolved 
by inrolling of a cycad-like megasporophyll (Ma- 
may, 1976) is also unsupported by the relative 
positions of cycads and angiosperms in the clado- 
gram. Inrolling of a simple megasporophyll 
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would, in any case, only produce a carpel con- 
taining unitegmic ovules. Additionally, some of 
the plants (Spermopteris, Phasmatocycas) on 
which this hypothesis is based are interpreted 
here as platyspermic, and possibly more closely 
related to Callistophyton, the Mesozoic seed ferns, 
Bennettitales, Gnetales, and angiosperms, rather 
than to cycads (see below). 

Similarly, the notion that the angiosperms are 
cycadopsid seed plants (Doyle, 1978; Stewart, 
1983) is not supported by the cladogram. This 
idea can be traced to the view that the seed ferns 
are uniformly a cycadopsid group. In fact, the 
accretionary historical development of the seed- 
fern concept, and their original designation as 
““Cycadofilicales,” has obscured their phyloge- 
netic heterogeneity. In my view the seed ferns 
include both cycadopsid and coniferopsid forms 
(p. 776), and it is the latter taxa that are more 
closely related to angiosperms. 


PHYLOGENETIC RELATIONSHIPS OF OTHER 
FossiIL GYMNOSPERMS 


EREMOPTERIS, NYSTROEMIA, AND 
SIMILAR PLANTS 


Leaves, seeds, and probable microsporangia of 
Eremopteris were described by Delevoryas and 
Taylor (1969) from the Upper Pennsylvanian of 
Pennsylvania. The bipinnate leaves were closely 
associated with stalked flattened ovules. Each 
ovule possessed a pair of prominent apical 
“horns” and some showed probable well-devel- 
oped megaspore membranes. Ovules and micro- 
sporangia of Nystroemia pectiniformis from the 
Permian of China (Halle, 1929) are similar to 
those of Eremopteris. Although important de- 
tails of both Eremopteris and Nystroemia are 
unknown, the flattened ovules, combined with 
the lack of a “cupule” or conifer-cordaite-like 
inflorescence, suggests a combination of rela- 
tively advanced and primitive features similar 
to that seen in Callistophyton and peltasperms. 

Permian pinnately organized leaves bearing 
ovules on the lamina or at the margin have been 
described as ‘“‘callipteroid’’ (Mamay & Watt, 
1971). Tinsleya (Mamay, 1966), Sphenopteris 
tenuis (Halle, 1929), Emplectopteris triangularis 
(Halle, 1929), and Archaeocycas (Mamay, 1976) 
are too poorly understood for detailed evaluation 
of their systematic relationships. It is, however, 
of interest that microsporophylls thought to be 
associated with these callipterid plants produced 
bisaccate pollen (see Mamay, 1966: 1). 
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SPERMOPTERIS, PHASMATOCYCAS, SOBERHEIMIA 


Spermopteris coriacea (Goeppert) Cridland & 
Morris (1960) from the Upper Pennsylvanian of 
Kansas consists of entire-margined taeniopterid 
leaves bearing ovules on the abaxial surface. The 
ovules are confined to the distal portions of the 
leaf and form a row on either side of the midvein. 
They were oriented at right angles to the midvein 
with their micropyles arranged approximately 
along the margin. They were probably flattened 
with a distinct micropylar notch. 

Phasmatocycas kansana Mamay (1976) is a 
megasporophy]ll with sessile ovules borne in two 
lateral rows. Distally the megasporophyll may 
have expanded into a lamina with taeniopterid 
venation (Mamay, 1976, but see Kerp, 1983). 
The ovules were flattened (Stewart, 1983: 283), 
had a shallowly bifid, notched apex similar to 
those of Spermopteris, a blunt, funnel-shaped 
micropyle, and a thick megaspore membrane. 
Recently collected material from Kansas (Pfef- 
ferkorn, pers. comm.) also has flattened ovules. 

Soberheimia jonkeri Kerp (1983) from the 
Permian of Germany is similar to Spermopteris 
and Phasmatocycas. It is a leaf-like, bilaterally 
symmetrical structure with two rows of lateral 
organs interpreted as seeds. The lamina is thought 
to have been lobed with expansions between the 
seeds. 

Mamay (1976) interpreted Spermopteris and 
Phasmatocycas as important plants in the evo- 
lution of cycads. According to the analysis of 
characters given here, a close relationship to cy- 
cads is unlikely. Cycads and medullosans do not 
have platyspermic seeds and, as in Eremopteris 
and Nystroemia, the possession of this feature, 
combined with the lack of a conifer-cordaite-like 
inflorescence or ‘“‘cupules,” is a combination of 
advanced and primitive features similar to that 
in Callistophyton and peltasperms. 


VOJNOVSKYALES 


The Vojnovskyales are a group of Permian 
plants described from Asia, North and South 
America, and Africa (Krassilov & Burago, 1981). 
Leaves of Vojnovskya (Nephrolepis) are fan- 
shaped and resemble those of the enigmatic 
Triassic plant Sanmiguelia (Ash, 1982; Becker, 
1972; Tidwell et al., 1977) in the plications of 
the lamina and the lack of a clearly differentiated 
petiole. The reproductive structures are poorly 
understood but apparently consisted of “heads” 
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with several platyspermic ovules and numerous 
elongated scales. These scales have been inter- 
preted as microsporophylls but were probably 
sterile (Maheshwari & Meyen, 1975). Compar- 
ison of these few characters of the Vojnovskyales 
with the cladogram suggests that the combina- 
tion of platyspermic ovules (character 9.10) clus- 
tered together into heads (character 9.26) could 
indicate a possible relationship with Bennetti- 
tales and Pentoxylon. In view of this possibility, 
a detailed study of the stomata of Vojnovskya 
would be useful, and it would be of considerable 
interest to compare the scales on Vojnovskya 
“heads” with the interseminal scales of Bennet- 
titales (Harris in Mamay, 1978). 


PUTATIVE GNETALES 


The Gnetales currently have no well-estab- 
lished macrofossil record (Taylor, 1981la), al- 
though this may reflect difficulties of recognition 
rather than real absence (Arber & Parkin, 1908; 
Hill & Crane, 1982; Crane & Upchurch, work in 
progress). Upchurch and Crane (1985) describe 
a probable gnetalean with attached leaves and 
seeds from the Lower Cretaceous Potomac Group 
of Virginia, and pollen resembling that of extant 
Ephedra and Welwitschia is widely distributed 
during the Triassic and early Cretaceous. Recent 
transmission electron microscope studies of this 
“gnetalean” pollen have shown that the similar- 
ities also extend to the granular exine structure 
(Trevisan, 1980). Little is known of the plants 
that produced these grains. The Triassic dis- 
persed pollen Equisetosporites chinleana was 
referred to Ephedra by Scott (1960) and has 
subsequently been demonstrated within micro- 
sporangiate cones (Masculostrobus clathratus 
Ash, 1972b; see Zavada, 1984, for details of pol- 
len). The cones consisted of a main axis bearing 
spirally arranged microsporophylls with micro- 
sporangia on the undersurface of an expanded dis- 
tal lamina. Bosea indica is a further microspor- 
angiate structure from the Middle Triassic of 
Nidpur, India (Srivastava, 1973). It consisted of 
a stout axis bearing opposite or sub-opposite mi- 
crosporophylls with unilocular sporangia on the 
lower surface. The sporangia produced non-sac- 
cate, monosulcate pollen with pronounced lon- 
gitudinal ribs. Neither M. clathratus nor B. in- 
dica is similar to the microsporangiate structures 
of Ephedra, but both could be interpreted as sim- 
ilar to Pteruchus in which both dorsiventral and 
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helical arrangement of microsporophylls occurs 
(Pant & Basu, 1973). On the basis of cuticular 
structure Srivastava (1973) suggested that B. in- 
dica might be part of the plant that produced 
Lepidopteris indica leaves. These similarities with 
Gnetales and corystosperms require more de- 
tailed examination but are of considerable in- 
terest in view of the relative positions of these 
two groups in the cladograms. 

A further possible macrofossil record of gne- 
talean-like plants is Hexagonocaulon minutum 
from the Upper to Middle Triassic of the South 
Shetland Islands. Hexagonocaulon minutum La- 
cey and Lucas (1981) was established for a large 
number of small in situ axes, each 0.5—4 mm in 
diameter. The axes bore alternating whorls of 
three scale-like bilobed appendages at the nodes. 
Nothing is known of the reproductive structures, 
but anatomically they share some similarities with 
Equisetites and Ephedra (Lacey & Lucas, 1981). 

Another fossil for which a gnetalean relation- 
ship has been suggested is the dispersed pollen 
Eucommiidites. Eucommiidites troedsonii was 
described first from the early Jurassic of southern 
Sweden (Erdtman, 1948) and interpreted as a 
tricolpate angiosperm grain with unequally de- 
veloped colpi. Based on analyses of the sym- 
metry, Couper (1956, 1958) suggested that a 
gymnospermous relationship was more likely, 
and Hughes (1961) interpreted the grain as dis- 
tally monosulcate with a proximal zonosulcus. 
Pollen wall structure of Eucommiidites is gran- 
ular (Doyle et al., 1975), but in some forms there 
are “‘pillar-like elements” in the pollen wall 
(Trevisan, 1980). The gymnospermous affinity 
of Eucommiidites was confirmed by its pollen 
wall structure (Doyle et al., 1975) and by its oc- 
currence in the micropyles of dispersed seeds from 
the Lower Cretaceous (Wealden) of southern En- 
gland (Hughes, 1961), the Lower Cretaceous Pa- 
tuxent Formation of Virginia (Brenner, 1967), 
and the Upper Liassic of Poland (Reymanoéwna, 
1968). van Konijnenburg-van Cittert (1971) has 
described a microsporangiate cone-like structure 
from the Jurassic of Yorkshire that produced Eu- 
commiidites pollen in numerous microsporangia 
on the adaxial surface of a microsporophyll. 

Knowledge of Eucommiidites is therefore too 
fragmentary to permit a detailed evaluation of 
relationships. However, the granular pollen wall 
(character 9.21) and the occurrence in ovules with 
an elongated micropyle suggests the possibility 
of a relationship with corystosperms, Gnetales, 
Bennettitales, or Pentoxylon. Similar views have 
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been expressed by Hughes (1961), Trevisan 
(1980), and Doyle et al. (1975). Against this sug- 
gestion is the occurrence of a well-developed 
megaspore membrane in the ovules (Reyma- 
nowna, 1968). Further information on the plants 
producing Eucommiidites is clearly required. 


LEPTOSTROBUS 


Leptostrobus is an ovulate reproductive struc- 
ture of Jurassic and Lower Cretaceous age. It 
consists of an axis bearing small scale leaves at 
the base and widely separated ‘“‘capsules’’ con- 
taining ovules in the upper region (Harris, 195 1a; 
Harris et al., 1974; Krassilov, 1977b). The “‘cap- 
sules” are sessile and two-valved, with each valve 
containing a single row of three to eight small 
ovules. The ovules are poorly known, but were 
arranged with their micropyles facing the cone 
axis, and had a resistant megaspore membrane. 
Based on field association and cuticular similar- 
ity, Leptostrobus has been attributed to the same 
plant as Czekanowskia and Solenites. The leaves 
are borne on short shoots and may be either 
simple (Solenites) or finely and dichotomously 
branched (Czekanowskia). The microsporan- 
giate organ Jxostrobus has been linked with 
Czekanowskia at some localities (Krassilov, 
1970), but in the Middle Jurassic flora of York- 
shire the evidence for linking Leptostrobus can- 
cer with Ixostrobus whitbiensis is weak, and Ixo- 
strobus may be attributed equally well to 
Desmiophyllum gramineus (Harris et al., 1974). 

Leptostrobus is not well understood, but some 
inferences concerning its systematic relation- 
ships are possible with reference to the clado- 
gram. The presence of scale leaves at the base of 
the ‘‘capsule”’-bearing axis suggests that it is mor- 
phologically an axial structure. The “capsules” 
therefore may be homologous to ‘“‘cupulate”’ 
megasporophylls. The valves of the “capsule” 
could be interpreted either as a single bivalved 
“cupule” or as a pair of closely associated “‘cu- 
pules” (character 9.19). However, Leptostrobus 
has a resistant megaspore membrane and has 
several seeds in each cupule (i.e., lacks characters 
9.20, 9.22). Its position in the cladogram there- 
fore could be hypothesized as above the level of 
Callistophyton and peltasperms but below that 
of Gnetales, Bennettitales, and Pentoxylon. This 
hypothesis, however, may conflict with evidence 
from leaf morphology (character 9.11) and fur- 
ther characters are needed to pursue the issue. 
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PROBLEMS AND POSSIBILITIES FOR 
FUTURE RESEARCH 


The analysis presented in this paper is open to 
criticisms of various kinds. However, criticisms 
of the lack of direct paleobotanical evidence of 
morphological transitions and the supposed in- 
validation of the results by pernicious homoplasy 
are straightforwardly rejected. 

The view that “direct” paleontological evi- 
dence is the final arbiter in elucidating phylog- 
eny, and therefore in determining phylogenetic 
relationships, is entrenched in much botanical 
literature, but the kind of decisive paleontolog- 
ical evidence that might be required or expected 
is rarely elaborated. Finely graded series of in- 
termediates that can be “read directly from the 
rocks” are not a common feature of the paleon- 
tological record (Crane, 1984), and it is naive to 
expect the simple description of further fossils 
to miraculously reveal plant phylogeny. As in 
other areas of paleontology, paleobotanists will 
always be faced with a problem of determining 
phylogenetic relationships between superficially 
dissimilar organisms without an unequivocal se- 
ries of intermediates. The problem of determin- 
ing plant phylogeny is therefore to produce a 
classification that reflects phylogenetic relation- 
ships. To accomplish this effectively requires an 
explicit method of classification that has a 
straightforward evolutionary interpretation. 

The second common criticism, that homopla- 
sy (parallelism, convergence, and reversal) is so 
pervasive that the character patterns revealed by 
phylogenetic analysis are meaningless, is fre- 
quently linked to functional arguments that in- 
voke the influence of strong selective pressures. 
In plants there is certainly considerable homo- 
plasy (Fig. 22). Perhaps this is to be expected in 
dominantly modular organisms with highly vari- 
able genetic mechanisms and the potential for 
extreme phenotypic plasticity. However, either 
character patterns are completely meaningless and 
any attempt to clarify plant phylogeny is aban- 
doned; or the problem becomes how may ho- 
moplasy be recognized particularly in cases where 
the normal criteria of structural, positional, and 
developmental similarity are fulfilled? Homol- 
ogy may only be differentiated from homoplasy 
by reference to other characters (Fig. 22). The 
similar habit of some Euphorbiaceae and Cac- 
taceae is interpreted as convergence because of 
different relationships that floral characters and 
other features indicate. The fact that homoplasy 
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can be assessed only in this way leads logically 
to a search for the simplest nested pattern for 
explaining the distribution of all features. 

More serious, in my view, are problems that 
involve the analysis of characters on which the 
cladogram is based. A brief attempt has been 
made to justify the monophyly of Bennettitales, 
cycads, conifers, glossopterids, Gnetales, and an- 
giosperms in order to simplify the analysis, but 
the assumptions involved need to be tested as a 
more detailed understanding is developed of re- 
lationships within these groups. Similarly, gen- 
eralizations concerning groups of fossil plants 
such as the medullosans may be shown to be 
unjustified if future work demonstrates that they 
are heterogeneous fossil taxa (Beck, 1981: 193). 
Assumptions about unknown characters in cer- 
tain fossil plants are also problematic. These were 
kept to a minimum and are explicitly identified 
in the character tables. The basis for many is 
explained in the text, but others were merely 
scored as plesiomorphic to minimize their influ- 
ence on patterns of relationships. The necessity 
for these assumptions highlights the relatively 
poor understanding of many fossil taxa as whole 
plants. Current knowledge is highly uneven, and 
it is clear that there is as much need to under- 
stand our present fossils better as to discover new 
fossil taxa (Harris et al., 1974: 85). 

Recognition of these problems has highlighted 
specific questions that need to be addressed by 
future neontological and paleobotanical re- 
search. Those particularly important to resolving 
the relationships between “Mesozoic seed ferns,” 
Bennettitales, Gnetales, and angiosperms are: 

a) Clarification of integument ontogeny, anat- 
omy, and vasculature in peltasperms, Caytonia, 
corystosperms, and particularly in glossopterids. 

b) Clarification of the manner in which mi- 
crosporophylls and megasporophylls were borne 
in peltasperms, glossopterids, Caytonia, and co- 
rystosperms. Reexamination of the corysto- 
sperms would be particularly useful to reveal de- 
tails of megasporophyll construction and the 
morphology of ovules and cupules. Further study 
of silicified glossopterid material should also 
clarify the relationship between the megasporo- 
phyll and “‘subtending bract.” 

c) Comparison of the outer seed covering (“‘cu- 
pule”) of Vardekloeftia with the outer integu- 
mentary layer of anatomically preserved Ben- 
nettitales and Pentoxylon. 

d) Comparison of the anatomy and biology of 
bennettitalean, gnetalean, and angiosperm ovules, 
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FIGURE 22. Relationships between major groups of seed plants. Strict consensus tree derived from ten equally 


parsimonious cladograms constructed from version two of the data matrix. In this analysis the “cupules” of 
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and detailed evaluation of the evidence for platy- 
spermy in these taxa, especially angiosperms. 

e) Comparative study of “seed cuticles,” in- 
cluding the megaspore membrane in living and 
fossil plants using modern techniques (Hill & 
Crane, 1982). 

f) Comparative study of pollen wall stratifi- 
cation in “Mesozoic seed ferns,” Pentoxylon, and 
Bennettitales. 

g) Attempts to identify the plants producing 
dispersed Mesozoic “‘Ephedra-like”’ pollen. 

Further difficulties with the analysis are the 
use of “reduction” or “loss” characters, e.g., lack 
of archegonia (character 9.29) and the relatively 
small number of characters available. It is a ten- 
uous position to regard two taxa as identical with 
respect to a condition that cannot actually be 
observed, but such characters may provide use- 
ful synapomorphies if they can be correlated with 
other features. 

Similarly, examination of additional features 
clearly is desirable but is constrained in part by 
lack of comparative information for seed plants 
as a whole, including living representatives. In 
many cases characters that have been surveyed 
in detail in one group of seed plants have been 
examined only cursorily, or not at all, in others. 
Most botanical comparative studies have con- 
centrated on taxa within seed plants and, as a 
result, have tended to reinforce their apparent 
differences. 


CONCLUSIONS 


The approach outlined in this paper does not 
differ fundamentally from approaches previously 
used in paleobotany to interpret early land plant 
evolution (Banks, 1975; Chaloner, 1970b), early 
angiosperm evolution (Doyle, 1978; Doyle & 
Hickey, 1976), and studies of the major patterns 
of angiosperm leaf architecture (Hickey & Wolfe, 
1975). It differs only in being relatively explicit 
and in attempting to define a highly resolved 
hierarchy of relationships. In the context of seed 
plants it has attempted, for the first time, to pro- 
vide a detailed scheme of relationships account- 
ing for both neontological and paleontological 
data. 
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The characters considered support a mono- 
phyletic origin of seed plants. Lyginopteris is 
placed as the sister taxon to all other seed plants. 
Flattened seeds and saccate pollen together de- 
fine a major group of seed plants (“‘platysperms’’) 
including conifers, cordaites, Ginkgo, Callisto- 
phyton, peltasperms, glossopterids, Caytonia, and 
corystosperms. If the outer integument of ben- 
nettitalean, Pentoxylon, and angiosperm biteg- 
mic ovules is homologous to the “‘cupule” of 
glossopterids, Caytonia, and corystosperms then 
these groups plus the Gnetales form a clade of 
“higher” “‘platysperms”’ within the “‘platys- 
perm” group. Such an interpretation would rec- 
oncile the widely accepted view that “Mesozoic 
seed ferns” are highly relevant to the problem of 
angiosperm origins with the idea proposed at the 
beginning of this century that Bennettitales and 
Gnetales are closely related to flowering plants. 
If this is accepted the corystosperms are the sister 
group to the “higher platysperms.” The Bennet- 
titales and Pentoxylon are resolved as sister taxa 
and together form the sister group of angio- 
sperms plus the Gnetales. The Gnetales are 
monophyletic and the sister group of flowering 
plants. 

This pattern of relationships precludes any close 
phylogenetic connection between cycads and 
Bennettitales and emphasizes the heterogeneity 
of the seed ferns as currently recognized. The 
seed ferns include taxa of very diverse relation- 
ships. The current concept of the pteridosperms 
is therefore phylogenetically meaningless and 
confuses discussions of phylogenetic relation- 
ships. 

The interpretation of seed plant relationships 
presented in this paper (particularly cladogram 
2) is in broad agreement with the first strati- 
graphic appearance of the various taxa. It sug- 
gests that increased understanding of Triassic 
Bennettitales, Gnetales, and corystosperms will 
be of major interest in further elucidating the 
phylogenetic relationships of flowering plants. It 
may also suggest a substantially earlier time of 
origin for the flowering plant clade than is cur- 
rently envisaged. 

A Triassic or Jurassic origin would not conflict 
with the hypotheses of angiosperm diversifica- 
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Bennettitales and Pentoxylon were coded as homologous to the “cupules” of glossopterids, Caytonia, corysto- 
sperms, and angiosperms. Bennettitales and Pentoxylon were coded as apomorphic for characters 9.19, 9.22, 
and 9.25. Total characters 38, character state transitions 62. A dot next to the number indicates homoplasy. 
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tion proposed by Doyle and Hickey (1976) and 
would suggest a pattern of evolutionary history 
for flowering plants similar to that of mammals 
with an early Mesozoic origin followed by low 
diversity and a delayed radiation. There are still, 
however, no unequivocal pre-Cretaceous angio- 
sperm records, although there is an abundance 
of enigmatic Mesozoic plants about which we 
know almost nothing. Among these problemat- 
ica that show angiosperm-like characters are the 
following: Furcula (Harris, 1932a), Marcouia 
(Ash, 1972a), Scoresbya (Krausel & Schaar- 
schmidt, 1968), and Phyllites (Seward, 1904). In 
palynology, the reticulate, columellate, mono- 
sulcate grains reported by Cornet from the Upper 
Triassic-Lower Jurassic Newark Supergroup of 
the eastern United States are very similar to those 
of angiosperms (Doyle, 1978). 

The principal difficulty with the phylogenetic 
analysis presented in this paper is the problem 
of dealing with missing characters in many po- 
tentially critical fossil plants. However, recog- 
nition of important areas of ignorance is of value 
in providing a focus for future paleobotanical 
work with phylogenetic objectives. The tests of 
the hypotheses presented here will come from 
future paleobotanical discoveries and the careful 
application of additional characters from neo- 
botanical and paleobotanical research. 
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